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1.0 SUMMARY

A piloted simulation study has been made with the objective of advancing
the development of longitudinal handling qualities criteria for larce supersonic
cruise aircraft. This work was conducted on the Flight Simulator for Advanced
Aivrcraft (FSAA) located at NASA Ames Research Center. For this study the
simulator was programmed with the math model representation cf the Boeina
2707-300°T Supersonic Transport as it existed at termination of the Hational
SST Program.

Areas of study included high speed cruise maneuvering, landing approach
for normai and minimum-safe operating conditions, and stall recovery control
power. The results of these evaluations were primarily based an pilot ratings.
Additional analysis capability was developed which consisted of a pilot model
analysis technique and pilot workload measurement techniques. The pilot model
results were obtaired and utilized successfully for some of the conditions
evaluated in the 1rnding approach (normal operation) study area. Piiot
workload was measured by two techniques; by a side task technique, and by a
computation of the physical work done by the pilot through the contrel column.
The side task technique was not successful. The physical measurement was
useful in analyzing landing approach conditions where major prlot rating
scatter existed.

The vesults of this study are a combination of new criteria and modifica-
tions of existing criteria. All pre-existing criteria utilized in the final
results were those developed during the National SST Proaram. QOther criteria
were considered but found to be less satisfactory. For high speed cruise and
landing approach (normal operation), modifications to the SST Tire Response

Criteria, which were based on the Shonber-Gertsen Criteria, . re found to

L _ ]
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adequately define the handling qualities results of this study. Results fror
the landing approach (minimum-safe) study were found to bc best defined b. the
Pitch Divergence {:iterion established during the National SST Proqrar. The
stall recaovery control power study has resulted in a new criterion in terrs of
nose-down angular acceleration capability. This criterion has not been pre-
viously established by quantitative test results.

Continuation of this study is recommended in those areas not covered by
this study and in those areas where unanswered questions exist. These areas
are as follows:

0 High speed cruise maneuvering with a simulator having subs*tantial

greater load factor reproduction capability

0 Stall recovery with varying stability levels at stall

0 Landing flare

0 Effect of structural modes

0 Climb, cruise and transonic speed stability

Future work in the area of handling gualities criteria developmert snould
utilize ¢ generalized wath model that includes nonlinear characteristics,
speed dependert derivatives to represent the effects due to chdanges in Mach
number and airspeed, and structural modes. Also, it would he essential to

provide the capability to control all of the above and the aerodynaric

characteristics easily. Such a math modei would allow @ more efficient nroqgrar

to be conducted.
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2.0 INTRODUCTION

This document presents the results of the piloted simulation study conducted
under NASA contract (NAS2-7966) “"Development of Longitudinal Handlina Cualities
Criteria for Large Advanced Supersonic Aircraft.” The purpose of this study was
to improve the data base and handling qualities criteria for large supersoric
cruise aircraft with highly augmented flight control systems.

Research work conducted during the National SST Program has shown that
important benefits in aircraft economics will be gained through advancements in
flight control system design. These advanced flight control systems character-
isticaliy result in airpla“e “vnamic response which is not adequately specified
by existing handling qualities criteria. Existing military (Reference 1) and
civil (Reference 2) flying qualities criteria were found inadequate to provide
design gu.dance for the flight control system development of the large, low
design load factor, SST aircraft. An extensive set of criteria was developed
and documented (Reference 3) during the National SST Program which was based or
previous work done by NASA and other investigators as well as extencive contrac-
tor fixed base in-house simulation.

Generalized criteria are required for flight control systen desian auidarce
for both normal operation and minimum-safe operation. For normal operation,
these criteria will establish control system design requirerents, augrentation
system requirements, and the requirements for control surface rates and
authority. Criteria for minimum-safe operation are reauired to establishk
minimum stability levels and key elements in the basic airnlane design such as
fore and aft limits of longitudinal balance and tail sizing derived from control
power requirements.

The piloted simulation study covered in this report was cenducted usira

the NASA-Ames moving base simulator desiqnated as the Flight Simulater for
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Advanced Afrcraft (FSAA). Twe simulation test periods were utilized, Lovering
the periods from May 1% through June 6, 1974, and from September 11 through
October 25, 1974. During these two periods there were 61.7 hours of piloted
evaluation time utilized. In addition to piloted evaluation, these periods
were also used to conduct the necessary checkout work and do the reauired test
set up and calibration werk.

This study contract covered the time period from January 15, 1974 through

March 31, 1975,

o
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3.0 STUDY AREAS

i
There were four basic study areas investigated during this piloted !
t

simulation study:

1. High Speed Cruise Maneuvering

2. Landing Approach (normal operaticn;

3. Landing Approach (minimum-safe operalion;
4. Stall Recovery Control Power

These represent the most important probler areas in terms ot loncitudinal

handling qualities criteria identified during the Naticnad SST Program. Aisco,

the selection of the study areas was influenced bv the anrlicability to each
study area of the type of evaluations possible, the fai.ility being used, and the %
availability of evaluation test time. For exa ple. these studies did not include
evaluaticon where large sustained load factor was required due to the Timited
vertical stroke built into the motion syster o’ the FSAA simulater.

The results of evaluations conducted ir eacr study ared will be discussec
under separate heading in this report. Cyriteviy divived at in each study ared :

will be identified in the discussicns 0% the test resu'ts and will te summarized

in the conclusicns.

|
|
t
'
|
|
|
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4.0 TEST FACILITY

The facility used for all evaluation testina was *he Flight Simulator for
Ldvanced Aircraft (FSAA) at NASA-Ames Research Center. This simulator consists
cf a large cab with two crew stations mounted on a six decvee nt freedom motion f
system. A visual system is provided at each pilot station by means of a color ‘
television system using a terrain modcl displov. The entive facility is ;

controlled by 1 Sigma 8 computer which, 1n the case af this simulation epvaluationy

was programmed with the complete math model representatior o the Coelra

Two cockpit configurations were used for thic wvalisation. These confiqura-

!

1

2707-300PT Supersonic Transport (Reference ). i
i

|

1

tions differed in the attitude display instrument. NS 5hown in Figqure 4-1, the

mechanical attitude display indtcator (HZ-6F) was used durinc the first simulation

study period and had a pitch attitude display sersitivitv of .07 inches per

degree (.18 centimeters per deqree). The other contiquratior presentec in

Figure 4-2 utilized the clectronic attitudedirector indicator (CADI} which was

developed for the 2707-300PT during the MNational SST Vyagram.  This was the

configuration for the second simuiatior study perivd, and had a rermal ritch » !
attitude sensitivity of .1& inches per degree {41 cent reters per deqree!. |
For high speed cruise evalustions the sensitivity was increased to .30 inch per

degree (.76 certimeters per degree). The mechan*.al ~U was used to accompligh |
all of the landing approach {normal operation) evaluatiymsexcept those cases i
evaluated by Pilot "F". The EADI was utilized for 411 ¢ +he other evaluations
and the details of this display are presented in fiaure 4- . %

A flight path anale display was available to the r-1nt in either cockpit l ;

configuration. The display consisted 0f actual ant notential flicht path angie l
indicators. With the ADI confiquration the angles were presented on two | ,
] |
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adjacent vertical scale instruments located to the immediate right of the ADI
(Figure 4-1). With the EADI confiquration these angles were displayed directly
on the EADI display sclope (Figure 4-3).

The purpose of this flight path angle presentation was to aid the pilot
in stabilizing the aircraft. When the potential and actual flight path angle
are the same, the aircraft is neither accelerating nor decelerating. When the
potential is less than the actual flight path angle the aircraft is decelerating
and vise versa. With this additional presentation, thrust management, particu-
larly at high speed, is much improved and does not detract from the primary

task of longitudinal handling.

For a more detailed description of the technical aspects of the test
facility, refer to the section of the Appendix titled "Simuic.tion Facility
Description".

This facility did prove to be a very useful tool in conducting this type
of evaluation. HNumerous pilot comments were received that favored the moving
base feature over a fixed base simulator due to the added realism. The added
realism was especially noticeable when attempting to stabilize the aircraftwhere

the small variations in load factor were an aid to the pilot.
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5.0 TEST AND ANALYSIS TCCHHIQUE

The objective of this studv was to develop handlina qualities ¢viteris tov
large advanced supersonic aircraft. The criteria were to be develoned 1n terns
of airplane response characteristics with primary emphasis on the iongitudinal
modes of motion. All experimental results were based on the results of piloted
simulation evaluation using both Boeing and NASA test pilots.

The basic approach taken was to identifv study areas where criteria
development was important to future design concepts, and compatibie with a
piloted evaluation study usinag the FSAA. For each study area critical dairplane
response parameters were identified based on previous experience 1ained durina
the National SST Program and follow-on SST studies. Each narameter was then
varied in a systematic manner holding all other parameters corstart or rear
constant, and piloted evaluations conducted. For some study areas the effect
of control force gradient, atmospheric turbulence, and pitch attituce disole.
sensitivity were also evaluated as contributina parameters tc the handlinc
qualities criteria. The pilot evaluations of each test condition were done
while flying the simulator through a specific sequence of tasks which were
standardized for cach study area. The pilots then rated each test condition
usinag the Cooper-Harper ratina scale (Reference L) tor the handling “uaiities
rating, and a turbulence rating scale (Reference €) for the cases ‘rvolvir.
turbulence. The pilot also provided comments to specific auestions which vere

standardized for each study area. In addition to these evaluation ratings and

comments provided by the pilot, data were obtained consistina of pilot cescribing

function measurements., pilot workload measurements, and pilot perforiiance
measurements in conducting the tasks.

The parameters that were varied for the nurnose of this evaluatior »*'1 be

t

i
}
l
i

described in the discussions of the test results coverinn each study a-ec. “ath |
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model configurations required to achieve each specific response characteristic

were defined during engineering calibration runs prior to the piloted evaiuations

These calibration runs were achieved by measuring the longitudinal airplane

response to either a column step oY pulse command while making changes to the

math model in the following areas: |

0 Tongitudinal SAS gain

0 Tongitudinal SAS time constants

o) forward Toop column prefilter E
0 airplane center of gravity ;
0 airplane longitudinal moment of inertia ;
0 additional tail 1ift and pitching moment increments

A1l evaluations were made using the math model of the Boeing SS7 confisur-
aticn, the 2707-300FT. The math model representation of this aircrafu is

described in Reference 4.

L5l PILOT RATING SCALES

Pilot ratings were obtained using the Cooper-Harper rating scale [Reference
E 5} for the basic airplane handling qualities, and a turbulence rating scale
. (Reference 6) to describe the effect of atmospheric turbulence.

The Cooper-Harper rating scale (Finure 5-1) was used by all pilots to
describe the longitudinal handling qualities immediately after conductinug the
specitic pilot tasks which were standardized for each study area. Two lines of
division were established on this rating scale to define normal operation and
minirum-sate operation lirits. These 1imits dre the same as used during tne
Na*ional SST Proqram and have been universally accepted. The limiting pilot

rating PR} for normal operation tests was established as a rating of 3.5.

(PR=3.0) and one that does warrant improverent (PR=4.0i. Therefore, character-

This rating is the dividina line between a rating that requires no improverent |

e B C e
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, fstics that result in 4 pilot rating of 2.2 or better are said to have satis- |

factory handling gualities for normal operation.
The other dividing line was established in a like manner at €.° for

minimum-safe operation. This is half way between a rating that describes harvelw

adequate performance and tolerable workload (PR=6.0) and one that describes
inadequate performance and an untolerable workload (PR=7.0). Therefore, a ’
characteristic that is rated 6.5 or better is considered acceptable for minimur -
safe operation.

The turbulence rating schedule (Figure 5-2) describes the effects atmos-

pheric turbulence has on handiing qualities and pilot workload. As in tne case
with the Cooper-Harper scale. d boundary has been selected that represents the

dividing line between acceptable versus unaccaptable ratings. This represents

the dividing line between a rating that describes a corfinuration where all

tasks can be performed and one where some tasks cannct be performed. 7 rating

of "F" or better represents a condition that is acceptable. A ratino ¢f "G

or worse represents a condition that is unacceptable.

5.2 CILOT MATH MODEL

The purpose for determinina the pilot math model was to support the
understanding and interpretation of the pilot ratinag data as well as advance
the state-of-the-art in this area. The apnroach taken was to develon a method
whereby the pilot rating trends could be oredicted based or the nilct describing
function along with additional performance and workload parameters readily
available from the experimental data. In this way configurations resultinn in
large pilot rating scatter could be re-evaluated based on the pilot describina
function technique and an indication of the best data fairing obtained. This
approach was successful to a very limited deqgree in the landing dpproach

(normal operation) study area and was the only study area where this approach
' was used.
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: Data analysis by this technique requires extensive auditional engineerir« -1
effort in both data recording and set up requirements, as well as data reduction
and analysis effort. Also, sPecial piloted evaluation runs with o« different

but similar pilot task, were required to obtain the necessary data for analvsis.

This technigue was applied only in the landing approach (normal operation;
study area. This was dictated by a reduction in available evaluatior test tire
over that originally planned and the nee¢ to conduct higher priority testing.

A description of this analysis technique is included in the avpendix of

this document , and includes the theory berind the appnroach, the caiculatior

techniques, data handling, and analysis techniques. The correizticr between
the results of this analysis technique and *he pilot rating data will be
discussed in the appropriate section of the discussion coverina test resuits of

the landing approach (normal operation) study area.

5.3 WORKLOAD MEASUREMENTS

The measurement of pilot workload was accomplished by two different
techniques. One was by the use of a side task for which the performance could
easily be measured, and the second was bv integrating the work produced by the
pilot through column deflection over the test run.

Measuring pilot workload by the use of a side task is accomplished by
measuring the performance of the pilot in performing the side task. [Ir theory,
an increase in pilot workload ir performinc the primary task, flyirc the
airplane, will result in a decrease in his perforcance in accomplishing the side
task. This should be true if the side task is considered bv the pilot to be |
only a side task that is to be accomplished on a totally non-interference Lasis
with respect to the primary task.

B The side task selected for this particular study was @& light cancellirn

task. Three lights were located in the cockpit, programmed to come cn in a

e e R - -
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random fashion. The pilot was to turn the lights oft when they did come un by
pressing the Tignt fixture itself. The performance measurement of this task
was made by averaging the time the lights stayed 1it. The longer the tine
duration, the poorer the performance of the side task.

This approach to a side task was believed representative of a normal side
task that would occur in an aircreft cockpit which the pilot would need to
perform during an actual flying situation. Location of the lights was selected

to support this idea. One light was located directly in front of the vilo* on

+h

hia N , ] sha oL L c
lav hield., Ancther was located at the f

)
0]
48]
[#:]

ar the instrurert canel,
on the window sill, and the third was located on the aisle stand immediately
aft of the throttle quadrant which was just at the edge of his peripherial
vision. These locations covered the full range of visual scan normally
maintained by the pilot during the piloted tasks beinq flowr.

This approach to measuring the pilot workload was not successful. Tests
wheve the workload was obviously increasing, such as in the case with increased
turbulence, resulted in a decrease, in some cases, in the averaqge time the
Tights remained 1it (Figure 5-3). Thiswas exactly oppocite to the expected
results. The main reason attributed to the failure of this approach was “he
color of the lights used. The lights were amber, which usually denotes a
significant malfunction in the cockpit. The attention, therefore, qiven to the
side task was higher than desired. With an increase in work Inad, the pilot
worked harder to keep the lights off in order to minirize his distractions.

Plans were implemented to repeat this evaluation of the workload measure-

ment technique using the side task with different colored linhts, such as blue.

Chances of success with blue lights were believed to be much greater sirce it is

QT P
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a color that the pilot i5 not trained to look out for and react 0. “owever,
this was not done due to a shortage of simulation evaluatiun tirme ar" hinuer

priority work that needed to be accomplished.
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The second method for measuring pilot workload was to integyrate the work

the pilot does through the control column over the test run. This is represented

by the following formula:

x 9 ) dt

col col

T
COLUMN WORK LOAD = —%—f (F
0
This approach did represent the physical work the pilot was required to
perform and was used to judge the validity of some of the pilot ratinqs.
particularly in areas of large data scatter. This will be pointed out in *he

specific portion of the Study Results section where the workload data was

successfully used to help interpret the pilot rating data.

5.4 WIND MODEL

The wind model was based on information contained in Reference 7. A
summary of the wind model parameters is also contained in the appendix of this
report.

Evaluations with the wind model were conducted for all but the high speed
cruise evaluations that included the landing approach for norrmal and minimur-
safe operation and the stall recovery control power tests. In all cases the
maximum turbulence level was based on a probability of exceedence of 10'3 which
defines a crosswind velocity of 25 knots (12.86 meters/second) at the reference
height of 20 feet (6.1 meters). For the tanding approach (normal operation)

study and the stall recovery study, a terrain rouqhness factor (20) of 1.5 was

used which defines the roughest terrain expected in the vicinity of any airpor:. |

With the combination of the wind velocity and rounhness factor, the wind model
produces a root mean square vertical turbulence component "¢, } value of
approximately 7.0 fps (2.13 meters per second). For the landing approach
(minimum-safe operation) a terrain roughness factor of .15 was used which

represents the normal airport terrain. Justification for using the Tower
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roughness factor was based on the reduced probability of the minimum-safe
configuration occurring. All probability estimates used in establishing the
wind model configurations for each study area were obtained from probability

studies conducted during the National SST Program.
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6.0 EXISTING CRITERIA COMPARISON

The purpose of this study was to develop a handling qualities data base of
aircraft response characteristics that will improve the data base of design
criteria for large advanced supersonic aircraft. Emphasis was placed on *ne
longitudinal axes since this is the area of greatest benefit in terms of
increased airplane efficiency.

Comparisons against existing criteria were done where possible in order to

substantiate, modify or de-emphasize the criteria established by previous !
studies. MWhere this approach was not appropriate new criteria were established. :
By accomplishing the analysis in this manner the strongest data base for long- |
jtudinal handling qualities criteria were believed to result for those areas :
investigated during this study. |

The greatest source of existing lonqgitudinal handling qualities criteria i
for this type of vehicle has been from the National SST Program. During the |
National SST Program the sensitivity of airplane design to criteria variation,
and hence the need for adequate criteria, was demonstrated. A considerable data
base was established during that program since existing criteria at that time
were found to be inadequate for maximum design efficiency of a vehicle of this
type. The criteria from this data basec used for comparison purposes were the
SST Time Response Criteria for normal operation and the Pitch Divergence
Criterion for minimum-safe operation. Other (viteria used for comparis.gn l
purposas consisted of the C* Lon¢gitudinal Handling Oualities Criterion and
applicable criteria ‘ron the military handling qualities specification,
MIL-F-87850.

The SST Time Response Criteria were obtained from Reference 3. These
criteria are in the form of time history envelopes in respcnse to a step columr

input. Pitch rate and nori.al load factor are the terms used to define these
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fet 2l



,. — T ’ B ) - - T "‘_—”““’—'_’_’”—'—'_—"—‘ql

time history envelopes as seen in figures 6-1 through 6-3. These envelones and !

these criteria are based on the Shomber-Gertsen Criterizc. The Shomber-Gertsen i
Criteria are based on the results of several other studies and is expressed in l

|
terms of Lo /ws, and M /wy versus damping ratio (g J. By expressing the resu s
of the other studies in these terms the results were found to converde intc

common boundaries as detailed in Reference & and presented in Figure €-4.

The problen with using the Shomber-Gertsen Criteria directly is that they

are based on a simple second order systen and direct comparison with higher order
systems would be inappropriate. However, such a comparison is possible by
comparing the time history response to a common input command such as a columr
step of the sccond order system to the higher aorder system. This was the
approach taken durina the Mational SST Progran in developing the lonaitudinal ;

response time histary criteria which will be referred to as the SST Time Resnonse

Criteria in this report.

[ The pilot rating scale used in the Shomber-Gertsen Criteria was the Cooper
rating scale (Reference 8) presented in Fiqure 6£-5. This rating scale is @
simplified version of the present Cooper-Harper rating scale (Reference 5},
presented in Figqure 5-1. Results cbtained with this earlier scale are believed
comparable with results obtained usinn the later scale. The critical dividire
lines are the same. That is. between the ratings 3 and 4 the airplane handling
qualities change fron satisfactory (indicating no improvement necessary) to
unsatisfactory: and between the ratings 6 and 7 the airplane handling qualities

change from acceptable to unacceptable. These are the same critical judgmerts

made during this simulation study.

The C* ciiterion was derived by Boeina using flight test results from the
"I Cornell Aeronautical Laboratories (now known ds Calspan) variable stability
girvlane and the Doeing 'odei 267-.0 variable stability airplane (Reference 9.

The criterion consists ot a1 term desiynated C* which io computed usirag both

l
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COOPER RATING SCALE

ADJECTIVE DESCRIPTION NUMERICAL
CATEGORY WITHIN CATEGORY RATING

ACCEPTABLE EXCELLENT 1
AND GOoD 2
SATISFACTORY FAIR 3
ACCEPTABLE FAIR 4
BUT POOR 5
UNSATISFACTORY BAD £
BAD 7
UMACCEPTABLE VERY BAD B
DANGEROUS a
UNFLYABLEL 10

ADDITIONAL DEFINITIONS OF UNACCEPTABLE CATEGORY:

7 BAD - AIRCRAFT CONTROLLABLE, BUT REQUIRES MAJOR PORTIC! OF PILOT'S

ATTENT [ON
& VERY BAD - AIRCRAFT CONTROLLABLE. BUT ONLY WITH A MINIMUM OF COCKPIT

DUTIES

9 DANGERQUS - AIRCRAFT JUST CONTROLLABLE WITH COMPLETE ATTENTION

10 UNFLYABLE

REV SYM

FIGURE 6-5%
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pitch rate and normal acceleration. The time history of this term in response
to a column step input must fi' inside a specified time history response
envelope for the handling qualities to be acceptable (Fiqure 6€-6;.

Extensive work was done in the area of minimum-safe handling qualities
criteria. The purpose of such criteria is to define the allowable deqradaticr
of handlina qualities (as could result from stability augmentation syster
failures) that would still provide safe handling qualities under emerqgercy

situations. The primary area of importance for this probler is landinc appreach,:

which was one of the study areas selected for this study cortract. The minimur-
safe criteria established during the Mational SST Proqrar were based on the rate
of pitch divergence as the result of a momentary pitch disturbance such as a
longitudinal vulse inuut. This same approach was taken durira this study, and

a typical response is presented in Fiqure 6-7. The divergence rate deternined

acceptable during the Natioral SST Program was a time-to-double pitch amplitude

of 6.0 seconds. The diverqence rate criterion from the National SST Proqram was
based on the most unstable root. Basing the criterion on the most unstatie root
was done for case of control system design. During this simulation study the
metinod for measurinc the divergence rate is believed to result in a reasurerent
0f the most unstable root. This allows direct comparison with the ‘tational

SST Pitch Divergence Criterion.

The military specification, MIL-F-27858, was examined in terms of the
specitied limits of short period natural frequency, pitch dempina ratio and
colunin force aradient. However, the criteria in this specitication have teer
based un parameter variations of a second order system which are not divectly
applicabie to the results of this study. This study utilizes an actual nor-
linear airp’ine math nodel and augmentatior system which resylts in nitch
response characteristics of a much higher order than a second order syster.

This study, as well as the ‘lational SST criteria develcprient study, was airec
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at developing a criteria data base that could be applied to aircraft that

had predominantly higher order pitch response characteristics.
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7.0 STUDY RESULTS

This piloted simulation study was broken down into separate study areas each
covering a particular flight regime or characteristic. The results of the work
done in each study area will be presented separately along with a description of

the test techniques and a description of the analysis used.

7.1 HIGH SPEED CRUISE MANEUVERING

High speed cruise presents a different set of handling qualities require-
ments than does low speed. This is mainly attributable to the large true
velocity vector and the resulting sensitivity of rate of climb or descent to
Tongitudinal attitude and rate of change of attitude. These requirements araz
reflected in the pitch attitude display sensitivity requirements, the desired
longitudinal response characteristics, and the importance of load factor as a
short period parameter.

The flight condition for this evaluation was the condition occurring at the
end of supersonic ¢limb for the 2707-300PT airplane, identified as follows:

0 Mach 2.7

o 60,000 feet altitude (18,288 meters)

o 567 knots CAS (292 meters per second)

0 555,000 pounds qross weiaht (251,744 kilograms)

0 627 center of gravity (aft limit)

The parameters identified for evaluation of this study area were the short
period response parameters measured in terms of pitch rate and expressed in
the following terms:

/9

o r ratio, : /
0 pitch rate overshoot ratio gmax ss

0 time-to-peak pitch rate, Té
max

0 pitch dampina constant, § wy,

REV SYM BOEING (v . >
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These expressions define the pitch axis short period response characteristics
evaluated and are the same parameters evaluated in the landing approach

(normal operation) study area. These same short period responses were also

analyzed in terms of the normal Toad factor response characteristics.

The response characteristics just identified were developed accordir~ tc 1
the technique described in the "Test and Analysis Technique” section of this
report. The forcing function for the engineering calibration runs was an
unpiloted column step input.

In addition to the short period response parameters, the effect of varia-

tions of the column force aqradient and pitch attitude display sensitivity were
also evaluated. Table 7-1 presents the complete matrix of the parameters Jsec in%
the evaluation of this study area. Time histories for the short periocd resncnse
parameters in terms of normalized pitch rate are presented in Figures 7-1 thrcuah
7-3. These same short period response conditions in terms of hormalized

load factor response, are presented in Figures 7-4 through 7-6. Both sets of

time histories have been normalized to a steady state value of unity.

Results of the evaluation of each parameter will be discussed separately ir
the following sections. Under each section the results will be compared utainst
the existing criteria lTisted below:

0 SST Time Response Criteria

0 C* Longitudinal Handling Qualities Criteria

0 Military Specifications (MIL-F-87858)

The pilot task description for evaluation of this study area is rresented ‘

in Fiqure 7-7.

7.1.1 Pitch Attitude Display Sensitivity
For all testing in this study area the electronic attitude director

indicator (EADI) was used (Fiqure 4-3). Variation of the pitch attitude scale

REV SYM
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TABLE 7-1

HIGH SPEED CRUISE MANEUVERING TEST CONDITIONS

PARAMETERS
VARIED

NUMBER OF PILQTS
EVALUATING {Smooth Air)

EADI PITCH SCALE

in/deq = .16 2
.23 2
* .30 2
PITCH RATE OVERSHOOT RATIO
Qmax/gss :* l'?g ?
6.10 2
8.2 2
TIME TO PEAK PITCH RATE
Té = .45 sec 2
max * .80 -
1.40 2
2.0 2
DAMPING CONSTANT
§ s, = .36 2
* .90 -
2.4?
COLUMN FORCE GRADIENT
N / =
fco1,q X ;% 1b/q ]
45 1
64 1

* Baseline
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rT4: OR'G g7

HIGH SPEED CRUISE MANEUVERING
PILOT TASK

ALTITUDE CHANGES (HOLDING MACH MO. CONSTANT):
1. CLIMB 250 FT @ 500 FPM (76M @ 152M/MINUTE) AND STABILIZE
2. DESCEND 750 FT @ 1000 FPM (229 @ 305M/MINUTE) AND STABILIZE

3. CLIMB 1000 FT @ 2000 FPM (305M @ 610M/MINUTE) AND STABILIZC

4. DESCEND 500 FT @ 500 FPM (152M @ 152 M/MINUTE) AND STABILIZE

ATRSPEED CHANGES (HOLDING ALTITUDE CONSTANT):

1. INCREASE SPEED 20 KNOTS AND STABILIZE

2. DECREASE SPEED 40 KNOTS AND STABILIZE

3. INCREASE SPEED 20 KNOTS AND STABILIZE
HEADING CHANGES (HOLDING ALTITUDE AND AIRSPEED CONSTANT)

1. TURN 15% LEFT In 157 BANK AND LEVEL OFF

2. TURN 20° RIGHT IN 30° BANK AND LEVEL OFF

FIGURE 7-7
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was desired as part of the evaludation ¢ this study area since d qreater sersi-
tivity is required at hinh supersonic cruise speeds than at subsonic or.ise
speeds. The pitch attitude scale sensitivity requirement should be ruughly
proportional to the magnitude ot the true velocity vector which defines the
relationship between a change in vertical velocity and a change in pitch
attitude. For example, one deqree of pitch attitude at Mach 2.7 results ir 2477
feet per minute vertical velocity. At Mach .8 one degree of pitch chanae res.its
in approximately 800 feet per minute vertical velocity. ith the recuirerent
established for a qreater pitch attitude sensitivity, the objective was tc first
detine the optirum pitch attitude sensitivity and then conduct all other evdalua-
tions at that scale sensitivity value.

Three pitch scale values were evaluated as seen in Table 7-1. The results
of this study are presented in Fi- .ce 7-5. Both pilots preferred the .30
inches/deq. (.762 centimeters/dey) sensitivity according to the ratings aiven
and according to their comments. They were both given their choice of any cf

the three settings for the remainder of the evaluation of this study area, anc

both selected the most sensilive setting. Also, it should be pointed out that
this was the rost sensitive setting possible with the EADI svster available.
This wdz due to the spacing c¢f the pitch bars approachina the lirit of the
screen size available. Filgt commerts were received during evaluation cf other

parameters indicatina a more sensitive nitch scale would be desirable.

| 7.1.2 Pitch Rate “vershoot Patio

The data are plotted and faired in [ijure 7-3. The fairing selected snows
the optiruil vaiue of overshoot ratio to be less than .ne lowest value tested of
1.94. Therefore. a lower limit could not be established “ror these tests. “hre

upper lirit, however, is shcwn to be 7.1, which compares faverably with the i
pedak value oY 7.6 obtaired fror the SST High Speed Pitch Pate Regngrse ritar<or !
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REV SYM

(Figure 7-10). However, a4 seen in thiv fiqure, the criterion shows g time Lo
reach this overshoot ratio as .5 seconds, and for these tests the time to reach
an overshoot ratio of 7.1 can be interpolated to be .9 seconds, which could
account for the slight difference in the satisfactory maximum level. By
comparing this value of overshoot ratio and time-to-peak value against the tire
history envelope of the SST High Speed Pitch Rate Response Criterion, it can bhe
seen that the limiting response condition would tall just sliahtly outside the
boundary. Based on the scatter in the pilot rating data, and the fact the
described differences are very slight, no change is recommended in the upner
limit of the $ST Hiah Speed Pitch Rate Response Criterion time history envelope
as a result of this test.

On the low side of the envelope, however, the SST Hiah Speed Pitch Rate
Response Criterion is not satisfactory. Considering a time-to-first peak of
9 seconds, as was used for the overshoot ratio tests, the mininmur: acceptable
overshoot ratio should be lowered. How low it can go and still bte satisfectory
is unknown at this time. However, since steady state pitch rate values fur e
given load factor are quite low at this “ach number, it is logical %o assure
that pitch rate overshoot ratio hecomes unimportant at low vaiues. Therefore,
no justification i1s apparent for vequiring a mininmur value qreater than 1.0
(i.e. no overshoot). Thereforc, a recommended boundary rodificaticr 1s o
truncate the lower boundary at an overshoot ratio of 1.0. The init ¢’ resunrse
rate at low overshoot ratios becomes the irportant parameter, and w11l be
covered in the next section.

A comparison with the SST tiah Speed Load Factor Pesponse (riterion for
the sare set of responses iust discussed i< presented ir Miaure 7-11. “re loan
factor respurses do not compare favorably with the criterion. Thic roor
comparison could be attributed to the fact that the syster eva.i.ates s« 7.0

higher order than the second order one represerted by the cviterior. This

§
%>_
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particular set of response conditions does not behave like a second order syster.
The pitcn rate time history envelope comparison is much better for this set of
conditions.

Another point to be considered when analyzing any lJoad factor response data
is that the motion system used for this study had very Timited vertical tra.el
(+ 4 feet or + 1.22 meters). and therefore, limited load factors reproduction
fidelity. This limited capability could account for the poor comparison with
the criterion. Therefore, it is recommended that additional work be concucted
in the future in the area of high speed handling qualities using a moving base
simulation with greater load factor reproduction capability.

The military specification (Reference 1) criteria, expressed in terms o
natural frequency (w3) and ng , 15 compared against the results of this fest in

Figure 7-12. As can be seen, all points fall within the satisfactory range, ever

the point for an overshoot ratio of 8.7 that received a pilot rating of 4.0.

i
[ ———

Again, this criteria is based on a second order system which is not representative

of the system evaluated.
A comparison was also made with the (¥ criterion and is presentec in
Figure 7-13. This comparison is for the baseline confiquraticn which was «iver

a pilot rating c¢f 2.5 and 3.0. Since the C* response conputed violates the

satistactory boundary, there is disaqreement between this criterion and previous

conclusions. In this portion of the flight reginie the reason is attributed to
the differences between the r, of the math model used in this evaluaticrn znd
the test aircratt (variable stability F-94) used ir the develonment of the
criterion. The 2707-300PT math model has o low n compared to the F-94
aircraftt. This effect is seen in Fiqure 7-13 in the increased rise time cf ¥

over that defined by the criteri-n. This increased rise time is primarily due

to the load factor contribution to the C* parameter.
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In conclusion, the modified SST High Speed Pitch Pate Response Criterion
is the best criterion for judging satisfactory pitch rate overshoot ratic

characteristics.

7.1.3 Time-to-Peak Pitch Rate

This parameter gave the greatest variation in pilot rating of all the

parameters tested for this study area. The results are presented in Fiqure 7-14,

and include the estimate of the satisfactory 1imit.

As was the case with the overshoot ratio parameter, no lower acceptabie
1imit could be determined from these tests. The lowest Timit tested was .45
seconds, which gave the nost satisfactory pilot ratings and compares favorably
with the SST High Speed Pitch Rate Response Criterion (Fiqure 7-15). Lower
values are not believed to be of practical interest for large aivacraft due to
other aircraft parameters such as pitch inertia or structure modal character-
istics causing the predominant restrictions. Therefore, the upper lirit is the
only concern for this evaluation, and is estimated to be 1.Z seconds.

Close analysis of these results indicates the pilot is not evaluating the
initial response, but is evaluating the duration the overshoot exists, This can
be exemplified by comparing the time history curve for the Té of 2.0 seconds
(Figure 7-2) which was rated 6.0 and 7.0 with the time histor?azurve for the
émax/éss of 1.94 (Fiqure 7-1) which was rated 2.0 and 2.5. Both curves have
nearly the same initial response up to the steady state value. The difference
is in the overshoot magnitude and duration. In this area the SST High Speec
Pitch Rate Response Criterion is very accurate in defiring satisfactory lirits.

These test results compare very well with the SST High Speed Pitck Rate

Response Criterion (Figure 7-15). The time-to-peak of 1.4 seconds is ust

i
}
!
|

|
|
|

outside of the pitch rate time history boundary and is rated sliqghtly ursatis-
factory. The time-to-peak of 2.0 seconds is considerably outside the boundary
REV SYM BOEING |-
A . F }—
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and the pilot ratings definitely reflect this. The only area of any slight

disagreement exists with the time-to-peak of .45 seconds. This does slightly

violate the boundary on the low side. However, it should be remembered that
this portion of the boundary is definitely in disagreement with the overshoot
ratio test results, and should be modified as recommended in the discussion of
those test results. With this recommended mudification to the boundary, the
response for the time-to-peak of .45 seconds will then not violate the pitch
rate response envelope.

These same responses expressed in terms of normal load factor in corparison %
with the SST High Speed Load Factor Response Criterion, are presented in
Figure 7-16. This comparison is reasonably good in that both time histories
for conditicn rated unsatisfactory are definitely outside of the envelope.
The other two conditions which were rated satisfactory are just within or
slightly outside the boundary. However. the pitch rate envelope criterion is
Judged more accurate in defining satisfactory conditions for this type of
response variation.

These same test conditions were compared against the MIL-F-8785B natural
frequency criterion (Figure 7-17). The results of this comparison compare
favorably with the pilot ratings received. Meeting the Level 1 boundary is

considered necessary for normal operation. In this respect the Té value of
max

1.4 is just inside the Level 1 boundary, and was rated 4.0 and 4.5, which shows
this boundary to be optimistic.

In conclusion, the SST High Speed Pitch Rate Response Criterion with the
lower boundary modification was found adequate for judqina satisfactory levels

of time-to-peak pitch rate with the corresponding overshoct ratios.

7.1.4 Pitch Damping Constant

This parameter has the same basic characteristics as the other parameters

I:_‘::.:l_h_.gd—r‘ }_
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tested in that only one limit, the lower limit in this case, was idertified.
The results are presented in Figqure 7-18, and show a mininur satisfactory liW1ti
of &W,= .55 for a pitch overshoot ratio of approximately 4, and a tire-to-tveak
of approximately .9 seconds. Analysis of this data is believed to be very
straight forward. The pilot rated the low damping case as unaccentable due tc

the osciilatory nature of the aircraft response. This is verified by the tilot

comments, and is also supported by the SST High Speed Pitch Rate Response

Criterion. The comparison is presented in Fiqure 7-19. The response for the :
I
S wl = 36 condition was found unacceptable and violates the envelope on bith

the low and high side due to the oscillatory tendency of this response. A
other measurements ot this particular response, such as the avershoct ratic and
time-to-first peak, would have otherwise been satisfactory. The other *we

responses are well within the envelope and are rated satisfactory.

A comparison of these same conditions expressed in terns of icac factor

response with the SST High Speed Load ‘actor Response Criterion is presented

in Figure 7-2G. This comparison is reasonably good in that the tire history
curve for the gey = .36 condition definitely violates the envelope ard receivec
unsatisfactory pilot ratings. The other two time histories are 10Se to the

boundary with one slidhtly outside. This envelope comnarisor is sensitive and

judged not as qood for comparisoun as the pitch rate envelone.

Comparing these test conditions with the MIL-F-3785E frequenc, Iritere
(Figure 7-21) qives the expected unsatisfactory results with al' datae prints i
the satisfactory region. However, this specification covers darping separately
by defining a satisfactory minimum value 0° darpina ratic ! § ‘. for *his
particular aircraft confiquration the lowest satisfactory value of 5 , definen

by MIL-F-87858, is 0.30. The minimurm satisfactory velue determirec from tre

curve in Figqure 7-20 was § - 0.34, which shows MIL-F-27358 +4 be <iichtly
optimistic. This value of § - 0.34 is obtained by takina tre mradiegmosabig-
t
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e

factory value of guwy= 0.55 and dividing by awr = 1.6 rad/sec, which is the .a'.e
of ¢35 at the test conditions on either side of the intercept noint.
Trherefore, the High Speed Pitch Rate Response Criterion with the lower

houndary modification is judged as the best method for predicting satisfactory

characteristics for the pitch damping response parameter. |

7.1.5 Column Force Gradient
The results of the colurn force qradient evaluation are presented in
Figure 7-22. With the small amount of column deflection normally used at the

~

high speed cruise flight condition ( + 0.¢ inches or + 7.0 centineters:, the

level of the column force aradient is found to be relatively unirportant. The
MIL-F-87858 limits are also presented in the above figure for refererce.

No specific gradient Timits are recomsended as a result of thic evalu-t7or.
The nominal column force gradient is estimated to be approximately 4G 1bs/«

(178 N/qg).

7.2 LANDING APPROACH (NORMAL OPERATION)

The purpose of this section of the study was to develop Tongitudinal
handling qualities criteria based on airplane response characteristics for the j
landing approach portion of the mission. For this particular Tanding appreach
study the criteria was to be applicable to airplanes landing under norra;
operating conditions as differentiated from airplanes landing under minirgr-safe
operating conditions, as will be covered in the next section.

As described previously in this report, the criteria is based or air; lire i
response parameters. The pararmeters used to evaluate this study area were :
as follows:
0.

0 nitch rate overshoot ratio (8 |
max’ Ysgs

0 time-to-peak pitch rate (T: )

\

|

\

|

|

max |

0 pitch damping constant ( § w3, ) J

|
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0 column force gradient (FCO]/Q) !
The column force gradient is applicable since it is a measure of the feel the l
pilot has for the Tongitudinai response characteristics, even though this is
not a response parameter as such.

The complete matrix of parameters evaluated is presented in Table 7-11.

Included in the table are the conditions under which the evaluations were
performed, special tests measurements taken and number of pilots evaluating

each case.

The parameter variations were calibrated using the respcnse from ar

unpiloted column step command. To obtain the desired variations of the above
parameters, changes were made in the pitch SAS by adjusting the gain and filter
time constants and by changing the column forward loop prefilter terns.

The pilot task is presented in Figure 7-23. This pilot task was perforred
by all pilots evaluating the landing approach confiquraticns for both the normal
and minimum-safe study areas. When conducting the landing approach rilot task
the visual scene was fogged over until an altitude of 200 fect (61 meters) was
reached. At that altitude the fog was lifted and the pilot continued the landing
through flare and touchdown using the visual scene.

The initial flight condition for this evaluation was the novrmal landing
approach conditions for the 2707-300PT airplane as follows:

0 1800 feet altitude (549 meters)

0 144 knots CAS (74 meters/sec)

0 415,000 pounds arass weight (188.240 kilograms);

54 center of qravity (forward 1imit)

(W]

o 20 degrees flaps
{ gear down

Considerable scatter exists in the pilot ratina data obtained. Pilo*

technique, simulation experience and the large number of pilots used for this

BOEING

e - %}.

FALE 64
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TABLE 7-11
LANDING APPROACH (NORMAL OPERATION) TEST CONDITIONS

NUMBER OF PILOTS EVALUATING

PARAMETER Pilot
VARIED Turbulence Describing Workload
Smooth Air Evaluation Function Side Task
Pitch Rate
Overshoot Ratio
gmax/gss = 1.2 2
*1.67 5 2 2 al
2.12 4 1 1
3.24 2
A#
Time to Peak
Pitch Rate
Té = 1.0 sec 2 1
max *] ] 5
2.0 3 1 1
3.0 2 1
Damping Constant
§ w, = .16 4 i 2 1
.56 2 1
x.75 o L L o
1.10 3
Column Force
Gradient
Fco1/q = 10 1b/a 3 ] i
28 3 1
*50 L L o o
71 3 ]
37 2
* Baseline confiquration
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LANDING APPROACH PILOT TASK

START ON RUNWAY HEADING OFFSET TO ONE SIDE OF
LOCALIZER AND BELOW GLIDESLOPE

CAPTURE LOCALTZER

FLY STRAIGHT AND LEVEL TO CAPTURE GLIDESLOPE

AFTER STABILIZING ON GLIDESLOPE DEVIATE ABOVE
GLIDESLOPE BY 3/4 TO ONE DOT HIGH AND STABILIZE

RECAPTURE GLIDESLOPE USING NORMAL TECHNIQUE

CONTINUE APPROACH BREAKING OUT OF OVERCAST AT
200 FEET (61 METERS)

CONDUCT NORMAL FLARE AND TOUCHDOWM ATTEMPTING TO
TOUCHDOWN AT THE 1000 FOOT (305 METER) MARK

FIGURE 7-23
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test series, contributed to the scatter. Using a large number of pilots 1s
normally advantageous, if all can fly all or most of the test conditions. Ir
this case some were used only to obtain a few data points, some evaluatina as
few as one or two test conditions. Familiarization was, therefore, not
extensive for some of the pilots involved and rechecking and repeating of

questionable data points with the same pilot usually was not possible.

7.2.1 Pitch Rate Overshoot Ratio

The time history responses of the parameter variations tested are preserted

in Figure 7-24. These time histories have been normalized to a steady state
value of unity.

The results of this evaluation are presented in Fiqure 7-25. As mentionea
previously, considerable scatter exist with this particular data. The fairirg
is based on a complete analysis of the data including a comparison with
existing criteria.

The greatest amount of scatter accurs at the overshoot ratio of 3.24.

Some insight can be obtained by comparing the results with the SST Low Soeed
Pitch Rate Response Criterion (Fiqure 7-26). As can be seen in this corparison,
the overshoot value of this test condition does not exceed the maximum value
allowed by this criterion: but the time history response does fall cutside the
envelope due to a qreater response lag than allowed by the criterior. Pilot
acceptance or lack of acceptance of the areater lag could explair the amourt 0°
scatter and the unsatisfactory pilot ratings. The best location for the

fairing at this maximum overshoot ratio point was selected as the center o' the

scatter.

¢

The very low avershoot ratio value of 1.1 results ir marqingl tilct retinosy

This is predicted by the SST Low Speed Pitch Rate Response Criterion, as seer

in Figure 7-26. The initial response of this confiqurdtion is just inside the

- |

l
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envelope. Results from this test indicate the envelope to he sliqhtly

optimistic.

The results of the turbulence evaluation of this parareter is sresertec ir
Figure 7-27. NAs can be seen, the variation of this parameter does not result
in different turbulence ratings. Also the highest level of turbulence did not
result in an unacceptable turbulence rating. Therefore, no additional
restrictions on the criterion are required as a result of the turbulence
evaluation.

As a result of these tests, the SST Low Speed Pitch Pate Resporse Criterion
is demonstrated to be a valid criterion for evaluating tne pitch rate overshoot |

parameter, considering the test accuracy.

7.2.2 Time-to-Peak Pitch Rate

The time-to-peak pitch rate time history responses normalized to s steady
state value of unity are presented in Figure 7-24. For the response with long
time delay the steady state value was difficult to obtain. For a tire-to-neak
nitch rate of 3.0 seconds, the best estimate of the steady state value was used
in deriving the normalized time history.

The results of this study, correlated with pilot ratings, are preserted
in Figure 7-28. Again, considerable scatter exists)uarticu1dr1y at the two
Tonger times. This scatter, along with the dearaded ratinqgs, is duz to “he
high pilot workload. The integrated workioad reasurements show tris “0 require
the highest workload by the pilot in terrs of physical cclumn work. Different
pilots rate this effect very differently, depbending on their backarcund and
experience, and personal likes and dislikes.

Comparing the time history responses to the SST Low Speed Pitch Pate
Response Criterion shows that criterion to be unsatisfactory for tris Loftiauiari
i

parameter (Fiqure 7-29). As can be seen, all response time ristcries e

B L____ —
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substantially in the envelone escept after a time period of seven seconds. The
additiondal constraint concerning rise time (constraint 2 in Fiqure 6-4) is of
no benefit either, since tne overshoot for all responses is d4lways areater than

20% of the steady state value. The criterion is not judaged applicable to the

time- to-peak pitch rate response parameters evaluated. An additional constraint in

terms of time-to-peak pitch rate is recommended as follows: the tiie-to-peak
pitch rate to a column step input should be between 1.1 anc 1.% seccrcs ifal’t
other criteria are met.

The turbulence evaluation of this parameter is presented in Fiaure 7-7270.
By comparina this figure with Fiqure 7-28, a direct correlatior betweer tre
pilot ratinys and turbulence ratings can be seen. /11 tonfiaurations, extert
the baseline, result in unsatisfactory pilot ratings and unacceptable turbulence
ratings at the turbulence level of 7.0 feet/sec (2.13 meters/sec). ‘lo recor-
mended chaniyes to the handling qualities crite:icn as a result of the turbulence

study are necessary.

7.2.3 fitch Damping Constant

The response time histories of the variations of the pitcr dariing corstant
are presented in Figure 7-24. These tine histories, as are all otrers. are
normalized to a steady state value of unity.

Correlation of the pilot rating data with the variations of the wvitch
damping constant are presented in Figure 7-21. These data show o0d correlation
with less scatter than the data for the other parareters with the arcenticn c*

the ratina of 2.0 given by pilot "C" at the mininum damping case. Analysis of

the performance achieved by pilot "C" for this case shows unsatisfactcry cortrol

{
i
1

of pitch rate in comparison to the rating aiven. Controi ot nitch rate by !
pilot "C' was essentially the same as that achieved by toth pilot "/A° and "8" !
|
These two pilots rated this confiquration £.0 and 4.5 respectively. Lcommerts
|
|
- . a . S|
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received from this pilot indicated a strong desire for light columr forces
(see Appendix [). This reduced pitch damping probably appeared as a reduced
coluin force gradient in transient maneuvers, even though this was not the
steady state case. In turbulence this same pilot gave an unacceptable pilot i
rating for this same condition. (Turbulence rating ="H at C =7 fps (2.13 n/sec

1 |

rms). For these reasons this particular data point has been disreaarded in

making the tairing.

Also, additional information can be obtained by comparing the ratings

1 ' '

given by pilot “C” and pilot "A", using the pilot math model aralysis tecknique.

This analysis technique consists of a method for correlatirg pilot ratings based

on the pilot describing function developed for each test condition (see
Appendix B for a detailed description). The results of this analysis technigue

are presented in Fiqure 7-32. These results show that the ratina by pilot 'C°

at the guwyvalue of .16 should be raised by one unit. It also shows the rating
given by pilot "C" at the baseline case should be lowered by about one half
unit. If these changes were made, the shape of the results from pilot "C

would be more compatible with the other results, but lower. This aralysis
tends to support the data fairing selected.

E Comparing the data auainst the SST Low Speed Pitch Rate Response Criterion
| (Figure 7-33) shows that all resuenses reet the critericn except the minimun

; damped confiquration. The contiquration of maximum damping does not violate
the criterion or even approach the bourdary which does not aagree with the
results of this evaluation. In qgeneral, the 35T Low Soeed Pitch Rate Fesponse
Criterion will allow pitch dampina of areater and lesser magnitude than was
rated satisfactory by this niiot evaluation.

The results of the turbulence evaluation of this parameter are presented

* in Fiqure 7-34. These resul*s show unaccentable turbulence ratinas only at

the minimur damped confiquration (g§ws . 16). The other end of “re spectry
. - e L ) o e

N %},

A _’.Q
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(5 W, = 1.1) was not evaluated in turbulence. ‘lc chdnge to the criterior is

recommended as a result of this turbulence evaluation.

Ne

3
o u

:AC(J‘\.4‘1I’\: Cf' th'\_‘ o ]\»3*10n 04" "1*\,’.‘" dan‘pynrj’ 1t 3¢ v‘er:g"!ﬂ‘,er‘\:fe(j tn.t ar

N
valuation Gitoh , Tt
additional uitch damping criterion be established that requires the davpinc

constant to be between a § 5 value of 5.5 ancd 1.05.

7.2.4 Column force fOradient

The column force aradient was evaluated in combinatior with the response
parareters fust discussed.  Thic s not, strictly sneakin:. a recngrse
carameter. hut 1s a weasure of *he nilot's feel of the lornaituginel aris, ara
was considered applicable teo this simulation study. 3

Results of this evaluation are presented in Fiqure 7-%E. lintiderat e

scatter is indicated, narticularly with the Tow pilot ratinas tiver oy 5itot
"C" at the low column for:-e rradient. As stated previously, this viict
indicated a st-ong desire for lower columr forces. An analvsis ot *ne perfor: -
ance achieved on the runs where these low ratinas were niver, shows *that corircl
of pitch rate was severel, dearaded, in particular at the 10 1b/n (&4 /0]
condition. This performance does not match the pilot ratings agiver. For :his
reason ratings yiven by pilot "' at the tow columr aradierts were rot

considered in fairing the Jdata.

The results of this colurr force fqradient evaluatior indicate *hat 2 (7 ,r i

ro

gradient between 25 and 15 pounds ner "o {111 an: 272 NS0 would he satieretior,

for landing apuroach. The =1litary handling qualities specificaticr "IL-F--795F
indicates the column uradient range should be between 7% and 13% pounds ,er
(333 and 435 N 'q) for a wheel controller fur a level 1 characterist: . Tris
MIL-F-8735E criterion is infiuenced by *he relatively low limit loac “aiiir f tre j
2707-300P7 fuor anding approach {nL LR tsyoand the retativel o stalT el Le

(n 4.5%). Tre satistactery range ¢ e Military Cmecifiiatiie rftertoe
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does not cumpare with the results obtdined in this evaluation. Therefgre, tre
colunn force qradient recommended criterion is 25 to 25 pounds per "a" (111 to

Wb

F0 %N LS A AN
1N uLiic up

376 N/Gy W
The turbulence evaluation of the column force aradient is presented
Finure 7-3f. Acceptable turbulence ratings were obtainec for @11 corfiauratiors

evaluated in turbulence except the 10 1L/ configuration. Since the 1T 10

confijuration was judged unsatisfactory, no chanje to the -~ lurr furce aradient

|
i criterion is recommended as a result of this turbulence cvaluatior.
!
7.3 LANDING APPRUACH (MINIMUM-SAFE OPERATION}
The rurpose of this study area was to determine a criterion that gpfres
" the minirun acceptable level uf lonyitudinal stability under which @ sc®e
|
! approach and tarding can be conducted. This minimur acceptable level 1s
':
| defined as that resulting ir a pilot rating of €.5 on the Looner-Harper 1777
i
| ratina scale (Figure 5-1;. The task for this evaluatior was the sare 2as “rat
| used in the normal operation evoluation ¢€ ‘andint avproach [Finure 7-277.
Previous studies during the National SST Program yielced e (ritericr Gy
teris 0f pitch divergence rate resulting fror an initial cisturbdree sunroc
solurr oulse input. Alse the maneuver noint locaticn Gr maneuvyer ©arttr nas !
heen found tc te of sianfficant interest. However, “he tiverierce riterior ras %
in the past been the most irnortant since 1t dces intlude the effprrs Tf siwe: %
‘ diveraence and “hus the «€¢e_t 0% steed devendent stebilit. terms 15 we voas ;
; the actual @ easurerent of static stability. 3otk the itk 2iverder e rate uro !
| canegver drcin na. peern corpared daatnst the test results.  Tanle T-100
i Cresents the pardreter values drd test lorditicrs oo for o tvi st e
i
. T Trre-Toagoshle Piter SRiin e ‘
: e ar s, uiral o1t n livereroo wth Teasyren Seoeprne b vds ok e |
i
wnlitade ~f nitch atritage.  Piter gnortide was selestel nasel or the neler
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TABLE 7-111

LANDING APPROACH (MINIMUM-SAFL OPERATION) TEST CONDITIONS

NUMBER OF PILOTS EVALUAT LG

PARAMETERS VARIED SHOOTH ATK [ TURBULENCE | F 1, [FI/EC BS
EFTLCTS
|
Cr MATEUVE R
B MARGI
I e St
© 9.2 sec| 13.7 ] |
i

8.2 15,2 2 2

7.1 |12 | 1
L 16.0 a.y " 2 1 L
i
)
|
5.0 5.2 2 ]

3.6 2.0 2 ] 1
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that pitch attitude is the privary airplane motion "cue' thet the pilot is
attempting to control during landing avproach under the minirur-safe corciticr.
i The disturbance input was a small column pulse (%, inch (1.27 certimeters: for
1. second, in the nose-up direction. The nose-up directior was selected because
that is the divergent direction of most concern to the pilot due to his concern
about maintaining airspeed and avoiding possible stall.

The configuration selected that would result in a pitch attitude divergence

under the condition described in these tests was flown with the handling i
qualities SAS turned off and with the minimum-safe augrientaticr ‘hard SAS, r.
Variation of the .ivecgence rate was achieved by varying the gein cf the
minimur-safe augmentation. Also, the aircraft center of «ravity was selecteu

at a value that resulted in as near an exponential divergence as possitie with

a minimur of initial delay. This also results in the most unstable rcot
predominating and direct measurement of that root as possible. As it turnec

out, this cg selectionwas exactly the basic airplane maneuver noint 50 Cp

The divergence rate evaluation results are presented in Fiqure 7-37.

These results shuow that o diveraence rate of 5.6 seconds wan be tolerated gt tne

moct <evere turbulence level evaluated. This turbulence level, having & root
mean square vertical turbulence conponent of approximately 4 fus, 11,22 m/cer,
‘ had bean previously selected during the National SST Program as the worst probable
i turbulence considering the probability cf ercounterin: tre ririryr-safe
configuration. This was based on a probability study thet conCiudes the
combination of this level of turbulence occurring in cor bination with thic
airplane confiquration to be extremely remote. Fov ary rew confinuratior tris
probability study would have to be exercised anain to estabiisr tre require:
turbulence level and. therefoure, the dacceptable diverdence rate. fror this

reason the da*a just showr in Figure 7-37 has beer cross-pligties aniirst tre

L. turbulence le.el at the pilot rating of £.5. This cross-vicited dats *s srowr j

[
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- The cdta points dericting these results are identitied b, ©owvin or Paa,re 7257
:' |
1
REV SYM BOEING - }
+
i P A 1) .
An e . i

in Fiqure 7-38 and represents tne qgeneralized form of the divergence ritericn
recommended from this study. During the Hational SST Prograr ¢ diveraerie
criterion value of six seconds for the most unstable root was selected, wrich

is the high side of the scatter and, therefore, substantiates the results ¢

this evaluation (see Reference 5).

7.3.2 Maneuver Margin

The results described above were also plotted asainst raneuver rar. -
The maneuver marain is not believed as qeneral a parameter s the pitch
diveraence rate since it does not consider airspeed variaticr. Tre resyltc zre

presented in fijure 7-39 and show an & percent maneuver v oreauirerert

the maximum turbulence level evaluated.

7.3.3 Sudden Deqradation to Minimum-Safe

Included in the planning for this test series was dn evaluaticr to geterrire
the effect of the pilot Yearning curve when conducting & long series of
minimum-safe niloted evaluaticns. In other words, does the j1ict learr how g
fly the mininun-safe airvplane confiqurations, and then give better ratinng thar
e wouia 17 e were tu suddenly encountor the situstion due to 2 cycter
failure wher he nad been *'yirg an airplane with qcod rorral hand: ing Ladities.
Thic juestion wds approached by a test series desiuned to identify trig
probler. These tests were tertormed at the end of a series 0f *es*ts invest -
ting normal lancinag approach handling cualities.  The jolot initiated the fect
run. and durina the run the handling qualities SAS was turned cfF L whicr
reverted the airpldane to the siinivur-safe augrentation whiod hal Leer set o

:

for the desived divergence rate level. Algo, the center of ray7t. rad heer

i
Crevous. established ut the pusition reeded for the mir<cgofafe orfi,ratior ]
i
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The first time this evaluation was attempted it was done for a divernence
level of 5 seconds at a turbulence level of 4 feet per second (1.22 meters der

second), a configuration previously rated 7.0. The normal configuration which

existed at the start of the run had been previously rated 3.5-4. The degrada-
tion to minimum-safe was performed as the pilot was deviatinu above the |
glideslope as called for in the pilot task description. Irmediately fellowing E
the run the pilot was asked to concentrate on the latter part of the run ard !
wes given no other information, and was not aware the configuration changec
during the run. The pilot rating given was 4.5 instead of the previous 7.7,
which was opposite to the expected trend. This lower rating was probabi. cue

to the influence of the first part of the run which the pilot could not 1grove.
i second run was immediately made, leaving the airplane in a minimum-safe
configuration that existed at the termination of the previous run. The pilot
rating for this run was 7.0, which was exactly the ratina he had qiven this
confiquration during the test series where he was evaluating minimum-safe
configuraticns. Froi these results it was concluded that there was not a
sianificant learning trend established during the mininum-safe evaiuation

series that affected the pilot ratings in an optimistic direction wiich wouis
cause concern. Additional runs were made using the sudden dearadaticn techriaue
at the same divergence rate, but at the lower turbulence levels immediatel,
following the series just described. The pilot was aware during these rurs cf
the urpose of the tests, but was not aware as to what run the sudden deqraca-
tion would occur. He successfully identified each time it did occur, ever
thouth the runs were randomly mixed with runs where no degradation ~ccurved.

As can be seen in Fiaure 7-27. Lhe ratings were again the same a5 had beer “iven:
previously Jduring the mininum-safe evaluation series. These additional res.ltis

support the previous conclusion that whatever learning occurs durinc a ‘orn~.

|
e
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series of flights with degraded configurations does not result in optimistic

ratings with this particular pilot.

7.3.4 Column Force Gradient
The effect of column force gradient was evaluated and the results are |
presented in Figures 7-40 and 7-41. Reducing column force gradient to as low
as 15 1b/g (66.7 N/g) had no effect at the criterion limit of T;5 = 6.0
seconds, as seen in Figure 7-40. Reducing the column force gradient did have a
significant effect at the shorter divergence time of Tze) = 3.6 seconds, as

seen in Figure 7-41. The better pilot rating at the lower gradient was due to

the reduced physical workload. At this divergence rate of 3.€ seconds a very l
high level of column activity with large deflections is required to control !
the airplane, and a reduction in the column gradient is beneficial. However,
this benefit at T29 = 3.6 seconds cannot be realized since the divergence

rate limit is 6.0 seconds time-to-double amplitude where no benefit due to
reduced column gradient is predicted.

In summary, the recommended criterion for landing approach (minimum-safe
operation) is the SST Pitch Divergence Criterion. Considering the data scatter
and test accuracy. the recommerded minimum time-to-double pitch attitude of the
most unstable root is 6.0 seconds. This diveraence rate is based on the
turbulence level vesulting from the 2707-300PT probability study. For other

turbulence levels refer to Figure 7-38.

7.4 STALL RECOVERY CONTROL POWER |
The purpose of evaluating stall recovery control power was to develop a
criterion that defines the magnitude of longitudinal control power needed fov
safe positive recovery from the hiah anqle of attack, rinimum speed corcition.
This minimum speed condition for conventional aircraft is rormally define¢ by

the stall condition ideally associated with a nose down pitch reactior whizh

e e ——— — — e )
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results In a stable stall recovery situation with minixum reaction reqguiren

from the pilot. For delta wing and arrow wing confiqurations such a4 conventione)

stall reaction is not the situation. These wing configurations do not exhibit
the characteristic stall. There is normally not a nose down moment and not &
sudden loss of Tift ot the mininum speed concgition. With such corfinuratiors
the stall speaed is a defined speed known as the minimum demonstrated speed. or
in more general terms, the ;peed associated with the maximum demonstrated 1ift
coetficient and angle of attack. One of the items that right be limiting at
the defined stall speed is the amount of longitudinal control nower availatle
in the nose down direction. since the pilot must recover the aircraft ‘ron the
defined stall speed manually. Other conditions which may influence the
establishiment of the defined stall speed are conditions such as a loss cf
directional stability or sudden deqradation in longitudinal stability. These
conditions are not addressed in this study. The defined stall speed rust be
established sufficiently far away from the onset of stability ;roblerm areas.
if they exist, so the aircraft wilil not enter this region inadvertentlv by
aovershooting the defined stall speed flight condition. This then leaves the
requirenient for a nose down control power criterion at the defined stall s,.eec
for an aircraft that has been given sufficient margin frou any undesirable high
angle ot attack stability characteristics.

The defined stall speed {(minimum demonstrated speed) and the speed for
stall warning (minimum operating speed) used in this study area were definec
during the Naticnal SST Program. Definition of these speeds was not part cf

this study.

Fiaure 7-42 defines the measured stability in the avproach to stall, stall.

and region ot stall overshoot. The aircrai exhibits near neutral longitucdinal
stability which is typical of the stability that would exist with airplanes

that use a defined stall speed and have sufficient marqin from ary dearadec

| ’ 96
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stability chaeracteristics. The lateral axis stability was not iedsured, btut
was reported to be satisfactory, and was not an influencing factor in ery c*
these tests.

The stall recovery evaluation was conducted by varying the raanituce
the longitudinal control power and having the pilot fly a series ¢f fypi-a)
stall approaches terminated with manual stall recovery for each level of
lonaitudinal control power. In addition, the atuospheric turbulence level was
varied in order to define the effect of turbulence on this evdluation. Ftor
each series the pilot would qive a pilot rdating and a turbulence rating
where applicable.

The longitudinal control power was varied by introducing additionel
increrents of tail pitching moment and 1ift into the math model build-ur
equaticns. These increments were programmed as a function ¢f the contrel colurr
deflection with the increments increasina from zero at zero column deflection
to maximun at full forward column deflection. By making these increrents 2
functicn of control column deflection, the basic airplane stability was
retained constant for a1l levels of lorqgitudinal control power.

The magnitude of the longitudinal control power was calibrated by
conducting full nose down control inputs, unpiloted, and measuring the initial
peak longitudinal anqular acceleration. These unpiloted tests were conductec
varying the maximum magnitudes of the tail 1ift and pitching roment increrents
over the necessary ranqge to provide the desired variation of loncitudinal
angular acceleration tested and the test conditions (Table 7-1V).

Due to makinag the control system modification by the technique 1ust
descrited, the pilot wds required to maintain near neutral trim during the
approach to the stall recovery condition in arder to have available “or stall
recovery the same nose down control power as existed fur r-~ unpiloted caiibra-

tion runs. This was not a problem from a piloting standnc.nt sirce rear neytral
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STALL RECOVERY

TABLE 7-1V

CONTROL POWER TEST CONDITIONS

PARAMETER
VARIED

NUMBER OF PILOTS EVALUATING

SMOOTH AIR TURBULENCE

MAXIMUM NOSE DOWH
ANGULAR ACCELERATION
AVATLABLE

6.4 deg/sec2

De
it}

= 5.2
= 4.1
= 3.6
= 3.0

= 2.5




stability existed with the basic math nodel anyway. 0On those tests where
neutral trim was not maintained to « satisfactory degree, a correcticn was
applied to the angular pitch acceleration parameter. This correctior consistec
of applying a ratio to the angular acceleration parameter equal to the contirc)
column available from the test trim condition divided by the control colurr
available from the trim used during the engineering calibration runs.

The pilot task for these evaluations is presented in Figure 7-43.

Figure 7-44 shows the results of these tests with fairings for the three
levels of turbulence. [n turn, the intersection of these fairings at pilot
rating 3.5 are cross-plotted in Figure 7-45 to show the trend of ncse down
angular acceleration requivmor ¢s with turbulence level at the satisfactory
pilot rating boundavy.

Pilot rating 3.5 was seiected as the boundary for satisfactory stall
recovery control power since that is the dividing line between a configuration
needing improvement and one not needing improvement. The stall is ar emercency

condition caused by a piloting, operational, or mechanical problem, or combira-

tion thereof. The control power for stall recovery must be satisfactory witrout

needed improvement in order to safely recover from stall uncer the emercency
adverse condition encountered. When referring to the nilot rating scale
(Fiqure 5-1) il can be seen that 3.5 is the l1imit pilot ratina for a condition
not needing improvement.

The values of nose down anqular acceleration in Fiqure 7-44 have bheen
corrected for any slight out-of-trim condition at initiation of stall recovery

as described above. Also, some data points have been omitted due tc vilot

tamilia-ization problems, siunificant out-of-trim at stall recovery initiatior,
J

or excess'yve anale of attack overshoot with corresponding excessive girspeed
undershoot. The resulting data still have some scatter, but satisfactory

fairings have been applied which result in the final cross plot in Fiqure -4

c
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STALL RECOVERY PILOT TASh

INITIATE TEST TRIMMED AT MINIMUM OPERATION SPEED
(145 KNCTS CAS)

REDUCE. THRUST TO ESTABLISH AIRCRAFT DECELERATION PATE

AT MINIMUM DEMOMSTRATCD SPELD (118 KNOTS CAS) INITIATL i
MAXTMUM EFFORT STALL RECOVERY TECHNIQUE (UP TO FULL
NOSE DOWN LONGITUDINAL CONTROL)

STALL RECOVERY TGO BE CONTINUED USING THRUST AS NECESSARY
TO MINIMIZE ALTITUDE LOSS UNTIL ALTITUDE STABILIZED AYD

AIRCRAFT ACCELERATING

CONDUCT THIS TEST THREE TIMES VARYING AIRCRAFT
DECELERATION RATE WITH 1} KHNOT/SEC AS THE HNOMINAL

FIGURE 7-4

1.
2.
3.
4.
5.
REV SYM
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The recommended Stall Recovery Control Power Criterion is 0.1 rad/secd
at the maximum turbulence level tested during this evaluation. The satisfactory
variation of nose down angular acceleration with turbulence level is presented

in Figure 7-45.
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8.0 FOLLOW-ON STUDIES

As & result of this simulation study, additional areas of investisaticr
are recognized as desirable for future studies to continue development of the
handling qualities criteria data vase. These are listed as follows:

0 High speed cruise criteria evaluation using a moving base

simulator having areater load factor simulation capability
0 Stall recovery controil power evaluation considering variation

of basic airplane stability at stall

0 Landing flare criteria evaluation
0 Determine the structural modal effect on handling qualities criteria
1
0 Climb, cruise and transonic speed stability criteria evaluations

For future studies in the above areas it is recommended that a aeneralizec

math model ke used instead of an actual aircraft math model. This qeneralized

¢
math model should be detailed to the extent of including non linear character-
istics, speed dependent derivatives, and structural modes. The advantaqes of
such a qgenevalized math model over the one used for this study would be the

4

amount of independent control over the basic parameters in the math model.
This control would necessarily be an important factor in the design of such a

generalized math model.

L
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9.0 CONCLUSIONS

of study. These criteria are based on previous existing criteria which in
some cases are unchanged. However, in all cases a greater understanding and
confidence level exist with all criteria recommended in this report.

The recommended criteria will be summarized under each study area for

which it applies.

9.7 HIGH SPEED CRUISE MANEUVERIHG
1. Minimum pitch attitude display sensitivity reauirement is 0.23
inches per degree (.584 centimeters per degree) for this flight
regime.

2. The SST High Speed Pitch Rate Response Criterion is satisfactory

for this flight regime with the minimum overshoot requirement re-
moved as presented in Figure 9-1.
3. The optimum column force gradient for this fl1ight regime is 40

pounds per "q" (178 newtons per gty

9.2 LANDING APPROACH (NORMAL OPCRATION)

1. The SST Low Speed Pitch Rate Response Criterion with additional
specifications for time-to-peak pitch rate and nitch damping is
satisfactory. The time-to-peak pitch rate resulting from a column
step input should be between 1.1 and 1.8 seconds. The damping
constant (§u%,) should be between .5 and 1.05. These criteria

are summarized in figure 9-2.

. 2. The column force gradient should be between 25 and 25 pounds ner
! "g" with the optimum being 50 pounds pev g
REV SYM BOEING | I
DAL

Refined handling qualities criteria have been developed in the four areas
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9.3 LANDING APPROACH (MINIMUM-SAFE OPERATION)

Acceptable handling qualities are defined by the SST Pitch Diveraence

the most unstable root.

For aircraft with near neutral stability up to the maximum angle ¢f attack,

should exist.

tps (2.13 m/sec) rms.

function of turbulence in Figure 9-3.

9.4 STALL RECOVERY CONTROL POWER

turbulence in Figure 9-4.

PILOT DESCRIBING FUNCTINON STUDY

1\
L

3)

Filot frequency response characteristics display pronounced

high-order lag (4th order or greater) and lead or lead-lac

Criterion with a time-to-double pitch attitude cf 5.0 seconds or areater for
This divergence rate is based on the vertical tur-
bulence component of 4.0 fps (1.22 m/sec) rms which corresponds to a probability

level of exceedence of 10~3 per flight. This criterion is presented as a

- . . . 2
a minimum nose-down anqular acceleration capability of 0.1 radians per sec

This is valid for a vertical turbulence component of vn to 7.0

equalization which is usually second-order and is conficuration-

dependent.

The lac characteristics are essentially constant arerdg the piicots

and contiqurations tested and are ascumed to represent human

neuromyscular phenomena.

This turbulence level corresponds to a probability level

e
of exceedence of 10 7 per flight. This criterion is presented as a function of

Comparison with other published data suggests that the neuromuscular

laas are dependent on controller type.

Nonlinear. 'bang-bang" control activity cpredominates at and tevord

the neuromuscular preak frequency.

 BOEING

..

f

3

S AA



T T T R T, ——

o TSR I R A al Tmm‘ ‘ o o - 1
WANIVALUIRA = SATE. OPERATT\ONW
PILOT RAT\WNG = &.5

W

D

2

},

-~

v a |

v ACCTPTARN\ T

r'¢

1 4

0 4

£ “ - /

o /

y

0 J

Y 4

0 «© 7 rr

0

Q N

F ,

o o

sk

-

v

L v 1
o 2 ca a
~ft/rsec
T T T 1 1 U 1
o .5 \ N 2 2.5 3
n-W\/ sac
VERTICAL TURDBUILENCT COMPONENT
~ T w (res)
CALC l I REVISED DAYE
eweey L b LANOING APPROACM (M- sare) |-
Areo i, ———. o ] CRATER\ON F\G 9-3
Holaa N I , S pice T
; ! vie MTMTEINE cousiny 10
[

AD 4962

4 $600



TS

%
¥
/(o
9 £
49
¥
Jol
a )
4 Y%a
J oY
79090
16
g0
54 2
7 J
$9
20
41
s 4
(&}

NOWRMAL OFPERVRATIAON

PILOT |Kk’IeT\WQ = &.5

SAT\S FACTORNY

on rpD/ sect

/~

M —
<o o

. L1 L §

Pal
~5x/sec

R ¥ L 1
o - \ .3 2 2.5 g
A~ w[sec

VERTICAL TURDVILENCT COTAPONENT

ATy (ku-)

CALC FEVISED— OAYE

cHeew| b Q. SYALL RECOVERY CONTROL ———

ATPO _ PCOWER CRUTERION F16.9-4

'_-—AP'P(:- __________ —— e ——— e — . PAGE ]
T T THE BHL‘IND COMPANY ‘]]

AD dides

4 3000



47

DE

Tracking performance, control activity, confiquration character- ]
istics, and pilot preferences are the principal variables affecting
pilot rating.

Good agreement was obtained with observed data using a linear i
regression modei to predict pilot rating, but the present data base

is too small to give sufficient statistical confidence levels.

Only small differences were observed between pilot frequency

response on moving and fixed base simulators.
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SYMBOLS AND ABBREVIATIONS

ADI attitude director indicator

ALT altitude (feet, meters)

A/P airplane

c output of nonlinear element

CAS calibrated airspeed (knots., m/sec)

cg center of gravity (~ CR)

CL 1i€t coefficient

cn centimeters

] cross wind

CR root chord

deg degree

dB decibel

EADI electronic attitude director-indicator

Fco] column force (1b, N)

fpm feet per minute

fps feet per second

ft feet

g gravity (ft/secz, m/secz)

GW gross weiqght (pounds, kilograms)

h altitude (ft, m)

hREF reference altitude (ft, m)

HW head wind (knots)

hz Hertz (cycles)

L system input

in inches

kg kilogram

REV SYM
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knots

normalized 1ift per angle of attack (sec-l)

pounds

Tongitudinal integral scale length (ft, m)

lateral integral scale length {ft, m)

vertical integral scale length (ft, m)

system output

maximum

National Aercnautics and Space Administration

normalized load factor per angle of attack (g's/rad)

linear pilot representation

limit load factor (g's)
newton

normal load factor

steady state normal load factor

pilot rating

prototype

radian

root mean square
correlation function
auto-correlation function
cross-correlation function
seconds [time)

supersonic transport

time (seconds)

time increment (seconds)

lead time (seconds)

BOEING |-
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time-to-double pitch attitude (seconds)

time-to-maximum pitch rate (seconds)

wind velocity vector (knots)
calibrated airspeed (knots)

reference wind velocity vector (knots)
wind velocity vector at 20 feet altitude (knots)
independent variable

complex conjugate of x (t)

independent variable

pitot describing function

terrain roughness factor (ft, m)

angle of attack (deq)

column deflection, rms (in, cm)

column deflection (in, cm)

closed loop ervor signal (in, cm)
tracking ervor (vms) (in, cm)

damping ratio

pitch attitude (deq)

pitch attitude command (deq)

pitch attitude error (deg)

airplane ritch attitude {deq)

pitch rate (deu/sec)

maximum pitch rate (deq/sec)

steady state pitch rate (deg/sec)
coherence function

Tongitudinal turbulence corponent, rms (fps, m/sec)

lateral turbulence component, rms {fpns, m/sec)
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o vertical turbulence component, rms (fps, m/sec)
T pilot's time delay (seconds)
axx (wr) power-spectral density of x (t)
Qxy (je) cross-spectral density of x (t) and y (t)
e frequency (rad/sec)
wr natural frequency (rad/sec)
i
t
l
s
|
i
|
i
L
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APPLUDTA A
Simulation Facility Description

The study was conducted using the Flight Simulator for Advanced Fircraft

(FSAA) at NASA Ames Research Center. This simulator has six deqrees oY ~“rtion

freedom, and is described in References A-1 and A-2 (only five degrees of rctior
freedom were operable for the study reported in Reference A-1). Details of the :
)

simulator pertinent to this study are summarized below.

|

Cockpit - The interior of the three-man FSAA cab was representative of a tranSDonﬁ
|
aircraft flight deck equipped for flight test. The panel instruments and

controller mechanical design and location were representative of SST cateaary !
airplanes. The lateral controller vas « conventional control wheel, and was
powered by a hydraulic controi loader, as were column and rudder controllers.
The mechanical characteristics of the flight controls are presented in Table A-I.
The panel instruments provided appropriate sensitivities for an dirplane :
of this category and can be seen in Figure 4-1 and 4-2. The two separate
Figures are rsed to show the two types of attitude displays used in *“his study.
ligure 4-1 shows the mechanical attitude divector indicator (ADI) which wes used
during the first simulator study period: and Fiqure 4-2 shows the electronic
attitude director indicator (CADL) used during the second study pericd. The ACI,

model HZ-6F . had a pitch scale sensitivity of appro<imately i.f m/deq

(.07 in/deq) at the nominal pitch attitude being flown. The EARI had a pitch

attitude sensitivity normally at 4.1 nm/dea (.16 in/deq). but was increased up
te 7.6 mr/dea (.30 in/deq) for this study during the hich speed evaluationr.

The airspeed indicator had a scale of 300 knots ner revelution of the cial
tace. Annunciator iights below the glare shield indicated individual main and

nose qjear touchdown. [mmediately to the right of the ADL in Fiqure 4-1 car be

BOEING | >
Pat 118



“ |
| {DupuERD 3304arS w M
i |PAPLALPUL 40y ! _ -
_BUBWIO0P 4032 [ NLS " uy wd (ut g5 | SvQ3e
p3p ¢ (. T11) » 6p + @3S 423Ut uOL \ (Bap 9-g) BoF 6¢ ¢ ; wy €2 4+ 430C 0
| us o N uL o ) (ut 0°9)
bop 80 (qL 0'p) N 8°LL H{ALO'SL) ¥ €792 + (Bep ¢'z) Dop 86" ~ w2761 - N0
|
|
(buidesb soejans (en
-pLALPUL 404 JUSWNIOP ! (NYOH
- \ :
L sep sap | 4030 NULS mmm\_. ) ._~ S WYY,
fap ¢°C (i 9°2) N 9 1t # (GU6L7C) N S8+ # bep/bep 0°1 + tep 09 i._ REELL
SISIYILSAH 30404 IN3IOVYY INI1JVY3D INIWIIVIASIA | Y3TT0YINOD
LNOWY 348 30403 3OV IINS WIWI XYW

SOT1STY3L0VYYHD TYIINYHIIW

W3ILSAS T0¥INOD - I-V

378v1

IR 2T

SBOFING i NO

19‘..' ]]9

REV SYM




012,
op Gy,
%%4{(?4%

-u47

seen the actual and potential flight path angle display. When using the EADI JQCI?jfy
this information is displayed on the screen (Figure 4-3). Therefore, to provide
additional room required by the FADI the separate flight path angle display
along with the trim tab position indicator, were eliminated.

The isle stand and throttle configuration is the one seen in Figure 4-2.
The configuration in Figure 4-1 was not used during this study. Also, in
Figure 4-2, the workload lights can be seen. Three of these lights exist. One
is on the left window sill left of the glare shield, another on the glare shieid
directly over the EADI, and the other is immediately aft of throttle levers

three and four.

Motion system - The six-degrees-of-freedom motion system of the FSAA is distin- |
guished by its extensive lateral travel of + 40 feet. The motion axis of E
primary interest for these tests, however, was the vertical, which had + 4.0 feet!
of usabie travel. This provided a capability for effectively simulating motion
resulting from a turbulent flight ¢nvironment and the initial onset of maneuver-
ing accelerations, but does not permit large motions whica would result from ;
sustained normal accelerations.

The D.C. drive signals to the servo motors were high-pass filtered to |
constrain motion within the allowable limits for each axis. Discussions of these|
filters and the effectiveness of FSAA motions on the pilcted task are contained
in Reference A-1 and in Appendix A of Reference A-2. Specifications for the
motion system are summarized in Table A-11.

Briefly summarized, the FSAA motion logic was configured as follows:
fourth order high-pass “wash-out” filters were generally applied to the drive

signals. The damping ratios, break frequencies and filter format used to

drive each degree of freedom are presented as follows:

St AtIl TralL DRIG.4
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(Fourth order high-pass "wash-out”

3 filters applied to pilot station

KS

(52+2§u;5+ uﬁ) (52+2§ur5+ wz)

accelerations)

where:
X y z P Q F {dearee of
freedom)
5 = 1.4 1.4 1.4 1.4 1.4 1.4
W= .4 .15 L4 .2 .15 .15
K = .5 1.0 .75 .5 1.0 7.0

Hote: The S in the numerator is only third order because of the
necessity to integrate acceleration to a rate signal to drive

the simulator.

The roll-lateral and the pitch-longitudinal modes used the residual-tilt
technique of washing-in cab angular attitude to provide a steady-state corponent
of linear acceleration. These sustained linear accelerations were providec at
full scale for lateral, and one-half scale for longitudinal. The residual tilt

time constants are as follows:

lateral acceleration A
.25
i
; : . g-X
longitudinal acceleration - 15"

Visual systen - The pilot and copilot were each provided a 21 inch {diagonal
measure) color television wmonitor mounted in the windshield with a viewinn fielg
of 38° vertically and a6 horizontally. with unity magnification. The pilot’s

monitor had a collimating lens to place the irage at an infinite distarce.

The landina scene was the closed-circuit TV imaqe of a model airncr: with
surroundir; terrain, as viewed by the comnuter-corranded servo-driver TV Lavera.
Model scale was 1:600 and nrovided a runway 2000 ft. long and 150 ft. wide.

A v
3

Specifications for the visual display are presented in Table *-
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Sound system - A sound generator simulated jet engine noise which was proportion-
al to thrust, and aerodynamic noise which was proportioral to aircraft sneed.
These sounds were introduced by speakers on each side of the cabin. In

addition to adding realism, a primary benefit of this sound environmert was to

mask the noise of the simulator motion drive systems.
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FPPENDIX U

PILOT MATH HMODEL

Introduction

The purpose of this appendix is to present details of the =ilat mindelina
technique used to aid in landinag approach (normal operation) kandline cnalities
evaluation. Pilot dynamic characteristics were evaluated usine the ~escribing
function technique 1n an attempt to gain auantative substantiat cr ‘v *the
pilot ratings gqiven. Results of thi< analysis provided i means Ly yrior o3
ratings could be correlated and applicable averane ratings ecstimated where

considerable pilot rating <catter existed.

Discussion

A quasi-linearization technique was nced to model the nilot in the
frequency domain by the combination of 4 describing function, which represented
the linear elements, and a remnant. which represents the nilot response not
Tinearily correlated with the input. The describing functior used was the
randor input describing function with white noise providine the input siaral.
Calculation of the randor: input describinng function is baced 2r the cross-
and cower-spectral density functions, or by computational technigues using
the cross-correlation and auto-correlation functions. The theoretical back-
qround, experimental procedure, and the analysis and synthesi<s techniaues wil!

be presented in thic discussion.

Theoretical background: The starting point for describinn functior

analveic (based on spectral analysis) in the correlation functinn 7 (L) (ohd

which there are two kinds: the auto-correlation function © (Z) and the
crosc-correlation function ny(i) which are defined, respectively as

L e
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P (T) = v S @) % (€t+7) dx

. T
Rxg @=3" 2= ) x"(@) g (t+7) ac

where x (4" an’ v (t) are independent variables, x* {t) ¢ the Conles
conjugate of - (t), and t 15 a time increment. The purpose of theqe faro* e
is to estal ' b the linear correlation bhetween two time historing: irn the cane
ot auto-correlation, between the sianal x (t) and itself . <hi‘ted in *ire,

and in the case of auto-correlation, between the <iqnal x (t) and the siare)

y [t). shitted in time. This is illustrated in the follawin: ~betch:

Wote tha' when T N, P)x (t) ivosirply the mean sauarc averane valur ¢
ey I x(*t) i orandar, ”XX(‘C) = 0 hecause past and future value< 7% v 't
have no relationship to cach other. Similarly, if va(t) 19 zern. the tue
stanals v (t) and v (t) heve no linear dependence on each cther. Thic g
means of determiining the Tinearity nf o control syster elerent,

The concept of linear correlation is carried from the U derasr tr *we
more useful domain (trequency) bv the Fourier transform. 1f & renrecent<

*he Fouriter tranc<form of 7.

§Xx<3“0=2 S “xx(t)AAWtdt

Ty () 72 _\§: Ry (T) 77 ax

REV SYM SOEING | o
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Now, & . (jw) is defined to be the power spectral density of x (t) and

$ ‘y (jw) is defined to be the cross-spectral density of x (t) and - (t;.

» (T) s an even function of T, so
XX

xx (-“‘") S Pxw (T) cos T 4T = @xﬁ (m)

and has rero phase anqgle.
The nower- and cross-spectral densities nay also be expressed in terms of

the Fourier transforms of the functions x (t) and v (t). If X (jw) and Y

((-59)) S (-
x~3 (sw) &_.oor [X( b"") \/(o‘*‘ﬂ} ""é(w ‘*—’h)

(jw) are these transforms, then

xx(‘“) {\\—\:; ~

The functions of time of the control loop, Fiqure B-1, mav bhe Fourier-

transformed and the control laws derived in terms of these transfores. e

have, referrinag to Figqure B-1:
E(sw)- T () - 6 (yw) R (yw)
VG (et N(y.u)
c (5&) = N ('3&») 1(5«0) + R (fyo)
VG () N ()
(39) = )N G (3 v & () = (5w)

\'\—Q;(Su) N()“"’)

Forming the products I (jw) *L (jw) and I (jw) *C (i®) ani notina that

I (iw) *R (jw) = 0, we can. by eauation (3) write

\e ()’-‘J) =

\J»GN

\C (Aw> N§\\ )
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from which it civectly fullows that the ates nf
w3 Rie (o)
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-

Sipnce, in this experiment, i = 8., ¢ S
L.

prict, Yp, we bdve

Yo (Sw)z éoc S oL

Qec e€

1 the needed nilyr describing function.
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S discussion of describing function analysis the reader i¢ referred to Feference
B-1.

A description of the present svsteni. trom the point nf view of control
system theorv, i< as shown in Figure B2, In this studv the variable 8.
the svstem forcing function. and it i< comprised of two <iqnals: filtered white
noise from an external source, which provided the randon input siqgnal. and 2
signal proportional to the airplane's deviation from a reference pitch attitude,
which provided the pilot task. These signals, combined, controllea the 1is-
placement of the pitch command bar from neutral in a standard flight divector
indicator., Fiqure B-3. Thi< was the total visual cue to the pilot. The second
signal enters through the flicht director command har eauations, which are <o
designed that the command bar is centered if the pilot 19 either on the 'l de-
stope or flyina toward it. and was retained for purposes of realisr. The f
pilot's task was to move the column so as to eliminate the bar displacerent . ‘
as in an actual approach: if the bar is hiah, he pulls the cclumn bach. :
Physicallv, this represents 2 case in which, flying below the nlideslnne é
beacon, he null- back to ¢iimb and reqain the qlideslone. The key ncin®t frar
the standpoint of control qysten theory is that the pilot moves one crrtrolier
(the colurm) in response ta one sianal cue (the command har effset) and *huc
creates @ single loop, conpensetory trackine system,  The nbiective iv ¢
deterntine the pilot's cotumr deflection frequency apectrge aq he attenpts to
keep the bar centered.

Durinc a pilot model measurement run the aircraft i< held at a4 “rred
altitude in order to maintain fixed flicht divector qgairc and *4 a1lov the
run time« to be as Tong as desived,

Experimental Procedure:  The nilot wan instructe! t hursue the vz ortal
flignt director bar, the position of which was controlled t.v s1anals orouor-
tional to the airplane's pitch attitude and qlidesiope orror. In this stuty,
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a random signal with a second-order filter at 1 rad/sec was used instead cof a
true qlideslope error, to drive the system. Clideslope error is converted tc 4
pitch commani error signal by the fliaht director, which is to be rermoved by the
pilot by "flyirg to" the bar. The pilot thus essentially closes a pitch
attitude control laop. Fioure [-4 shows the measured spectral content of the
alideslope error and fliuht director cormand siqnal. To znsure »aximum piltot
attention and activity 4 lavrae command bar deflection of about *1inck (2,04 ¢y
wa< emploved. Thin is Taraer than would be seen in 1ight, but was used because
of the extremely small column deflections observed in tha usual anprcach flyirn,

The pilots were offered practice runs egch tire the aircr2ft's character-
istics were changed. but after initial familiarization with the syster usually
declined and performed for data.

Digital signals aenerated by the Xerox Sigma - 2 computer of the FSAA
facility are customarily changed to analoq voltages bv digitat-to-analog conver-
ters (DAC's). for displav on multiplexed strip chart recorders. The variatles
needed for the pilet describing function analysis were recorded dirvectly from
the DAC's: the 100 volt DAC autput was reduced to 1.414 volts f(peak to neak )
tvoan amplifier, and inout to an FM tape recorder. The recorder hoolun 15
indicated by the schematic ir Fraure B-5. Scalina for adeouate sianal strennth
wias accomplished within the conbuter, before output to the DAC. The limitine
of the input voltage to 1.414 volts maximum peak-peat (1 volt rims} was recom-
mended for minimun tape recorder distortion,

Tape input signals were monitored with an nscilloscope durine recordin. te
verifv the trecence of data or the tape, and to ascertain proper <rale Tirive,
Srgnale auld aleo be sent Lo s tein chart recorders for cimultaneous iyl
onttor ine of Al channels . Fiogre f-6 howe Fypical tire hictary traces ©F tne

arincinal control syster var b es ac they aprear of the vy RArt reCnr,
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and low-damped confiqurations. Both pilots in this study are Roeina inatructor
pilots experienced with large aircraft: pilot A, however. has conaiderably

more experience with simulator flying. Fiqures B-11and D-1Z are fixed-based
simulations.

In qeneral. the data all show essentiallv flat maqnitude curves to about 1
rad/sec, then an upward break followed by o sharp downward hreal at about 9
rad/sec, accompanied by increased dats scatter. FPhase anqle curves are flat et
cmall anales. out to about O rad/sec, where a larqge amount nf <calter berine,
Some curves. such as in Figures B- 8 and B- 14 show evidence of additional eauali-
zation prior to the 1 rad/sec break.

Some indication of the significance of the scatter ‘< obtained fror the
trend of the coherence Function,JO,rﬂotted on each fiqure. [s discussed
previousty. a value ofja = 1.0 indicates the system is completely lirear: a
va]ueJo - 0 means the svstem output has no linear correlation with the input.
In the data of Tias. B-7 throuqgh B-14 the value ijo ig aenerally in the area
0f 0.85-1.00 at low frequencies. which indicates almost nerfect linearitv, but
decreascs to nearly zero at higher frequencies. This indicatec that above
approxinately & rad/sec, pilot response assumes a nonlinear forri. and the
linear representation of the data in magnitude and vhase curves lases
significance.

This nonlinearity is in agreement with observed pilnt tehavior. Pilot
column movement tended ta be of amall anplitude, rarely exceedine T ingh
aven under viqovous pursuit tasks . and impulse-tike | or ‘hana-bana” as a
velatively tixed amplitude deflection was imposed at varyinn intervals of tire.

The contrast between cormand bar deflection and column motion i< showr r traces

E 2 oand 3 of Pigure B-g, taken tram the present data
°
s It is convenient for purposes of discussion, and preentia’ for nurnnses of
]
1 pilot model synthesis, to deoncribe the pilot freauency response curves in terrms
8]
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of lead dand Tag dynamics ot various arders . Basic boundary conditions on the

pilot model are celf-evident. and the work of previous investingators nrovides
quidance on -fetails. For houndary conditions we have: (a) pilot response rust

be finite at very low freauencies, and (b) the response must approach zero at

very hiqh frequencies. A single lead term, commonly used as a pilot model. is

therefore an incomplete model because it fails to show how pilot response

decreases with increasing frequency. Laq. therefore, must be nresent.
[n a very detailed pilot model developed in Ref. B-3, the Timitina human

neuro-muscular laq characteristics are assumed to be third order, of the form.

\
(T s O[C2) + 20 e A\

Since all the data show evidence of a high-order lan at about L rad/sec,

the »ilot model for this ctudy was assuned to be of the fori

-~ (a)

Yo (Sw>: (’T\_ S +\> (T 3 ~\)‘[< - )Z_‘_ }_-%—N— - *\]'\LP
@K

o

Uoe nf this wodel requives acceptance of the fact that it does indeed

descvibe the dato, while Teaving inanswered the auestion cf the phvsical sir-

nifrcance of the ~o-ialled “nouramgscular dameing rwtio“,S'* or what . in fact,

cets the neuronuscuiar break frvquoncy~u)rv [t is not known if nilot

nhysiolocy alone fs the controlline factor, or whether it iq situatinon (i.e..

task) devendent ov influenced by such variables as pilot body at*itnuce and

restraint,  Sore data w111 be presented lTater to show indicatinns ¢ the effect

aF these variablee.

“he forh 0! the bove —odel for Yio faw) wae adiasted as recuired to e

a maqnitude curve that aoreed with the marmitude data nf each of Fiss. 5-7

A laraoe anonnt of additional Yead and Tan wan

D 410C 174C DRIG. 4/ )"

L through B-14.  In sore cases

BOEING v
‘ pace 148

REV SYM

_)_




JIB=0247

Dt 4100 Y74C OR.G. 47?1

introduced . motead of Lhe waeple tead II chown in the expreacion. The nilet's
Live delay, T . usuxlly appedaring in vodelo as st jw wan not includet bere
hecause it could not be determined with any accuracy fror the uhase iata.

Additional lead and laq is viewed as eaualization generated bv the pitet fe

obtain adeauate performance from the airplane, and it is this that we hope ¢
eventuall,; relate to pilot rating.
The nilot models deduced in this way from the data of Firc. B-7 thoouatb
5-14 are presented in Table B-1, and are nlotted on top of the data to show
the matches achieved. Also <hown in Table RB-1 are the nilnt ratincs tiven to
the confiquration of each cdse on a representative landina appreach task
proceedina to touchdown. The simplest rodel that aave a reasonatle fit was
selected in each case. The followina five roints may be mad~ regardinc the
rodels:
1 The neuromuscular Yaq is relativelv constant amond all confiaurations
and both piiote.
2} The mcdel lag was increased from third to fourth crder to better
watch the perceived roll-off at the neuronuscular hreal freauerc..
3) Pilot Tead equatizgtion aenerally occurred near the airplane short
period natural frequency.,
a) fqualization varied an it dynamic characterictice from case to
Case . but remained essentially constant in forn.
£) In some cases two forms (or the equalization apneared pauivalent -
choosing the simpler led to the le<s damned . <econd order leat mclel,
In other case« anly thic model can match the forr of the data.

The lack nf aareement between predicted and observed rhase anales fur

come runs mayv be Jdue to ansafficient hither- frequency oyt ter excita*icn . 7

additional low frequency nilot dynaiics not yeadily vicitle in the macrbte

data. or to systematic exporinental ervor. Further work e roagiret fooraselye
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this difficulty. The general form of the pilot model is thus:

BRI < ,
YP(:\“‘):k?' L( t‘u_\‘_‘) B ?-:\.—L 5“‘) J\—\‘) (T\_ 5&-0 +\) \

Gom ) o) o TSRS

15 derived by corparison to the data. with frequencies ard tire crrstantc
adjusted to match each data set.

Nro of the nrincipal uses of a pilnt model is tne nrediction of nilot
vatirne by scing model varameters. such a- “aualization time corstants. Ir
this investination an attempt was made to relate the characteristics of the
pilot models discussed above ‘o the pilot ratings that were oiven the various
airplane confiqurations hy pilots flving o landina approach tast sirulatian
that inCluded glideslope capture, naneuvering ahout the alideslope. and touch-
down at o desaved point on the vunway,

[t has been pointed out 1n ceveral veferences (e a. . Mefe. -7 throuck
B-9) that oilot equalization parameter< alone are insufficient to predict rilot

v oworklecad.  This

ratings . and rust be combined with measuver of performance
fact was borne out by the data of the present experiment.
In Frioure B-1€ 15 shown 1 plot of milot rating vs. the tine onatant of

the oraincisal, second order Tead enalization* of the models ©r Toble L1, for
N

* The time constant tar a second-order svatem with the chara teristis equat on
Y2 ey Arwi=o s e oo, Sec
n " \'S “’3\\
| L
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PAGE ];’2




' ‘
.

noYEe D ..,

€ ©r QELATWE FEASLQT OF RMS TRACK NG
caaok

S = RELATWE  PATASTLRE OF TS COLLtAN
ACTAVAT Y

+

. - . ' . . . SN | PWOT
; ! ! ‘ O |~
[ | ; ' :
. - vy 0o c
' : ; i ,
. \O N " . N ‘ . N N
@ .
2
' y 8 A } N 1 n . .
4 ! |
4 ‘ { ‘
v O é,,\“/é =3 24
4] 2
| — -
' ;'(o 7 - €:=2.9, 5= .82
3
d SLJHE -\_Ln ©
v 4N $y.an
12
g A
g To s O sasTLwmT
) €:4.5, 3:\9 . . . €31, 5=\0
Yo o =
8 BASTLNE G\
8 g_.g an, 5: was ) €:a%, 5= 137
Lo T T Y L !
o .4 - 2 e 20
CAUNMCIPAL LEAD TWAT CONSYTAWNT
x,_ ~ Sec
CALC I REZVIBED DATE
éuzcx - T T T NARKRVAIAO™ OF \WOoX RET\WR
A IS S ] T i
’_A_Pf‘o 1 L B WATH LEAD TQUANNZAN\ON T\G %"\S
APPD | . - — rrcE
—_— - ————— —— = - JURUUREREII Y AG
1 1wt LPMTEINE courin 153
;0 49812 4 — i ] V 3 - 4 3000
e nad i "




T

Ji6-047

LR

.

&7

each confiquration tesied.

measure of tracking accuracy, € defined as

bar displacement, 8 ¢ divided by rme glideslope command frecall.

s

white noise)y . . oand
“rne,

cotumn deflection. Both averaqges dre taken over the lentth o

and were taken duri

approach runs. The relationships amonn the parareters

confiourations *ested are Claritied by Table ©£-11

Firare 0-15 ¢learly shows that there is no direct linear

Civer eataeg ane ecualicaticn tive constant. It also show:

e oape contianrat o entirely differentl /.

prlote o

wa s oscetht due b

damping and slow vitch rate response wers rated L

naw erfartance dearaded. T oqppear. Snoctrese twe £3Ses
.

Che Lasieo ot verformance rather Char perceived otabil

L

i

O on
op Y compinaticr of both.

Pilet O vited both the baneane oand the VTow-tarped

o lrs e anial the pertariaeie

tar b e t‘l'n"‘.iﬂ‘ . thpn rated o {-;-"I,"l'“"’lv‘]_

tonoconcern bt Controllatalite.  The confiagration’

CGoand 400 regnechivi-ly

g

1 Hoted as narameters on Fia. p-165are a relative
o root mean square pitch commar

filterea

a4 relative measure of workload, ¢ . defined as the rms
S

f the data sargle,

ng the fixed altitude describing function runs, not tne

6f Fin, 2-16 3and the

relatine sty

tat two nifferart

Pili T yateed tne baseline Confrguration 360 The Lonésonrabion Wit
hook o toh rate overshoot ratio was ratod o €5, 4 noar ratine but thooer
torrance . o meanured by the o fie Z i peyed,  Arparentds, tiahter corcve’
ARt

that the vatiroc o were

AU ER

. r[w'/w"—,;.*:x'r" 3

Porfornan e an't work Tnad hetween theoe fuo Coanfiauratinne erd velat el
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: TP I R OT- S R PUI SR B UL R P el ben

c Ve ot ot ratin s verans 1w Srecuency roalot qair Fiaure “-16,
et potear Vet aare . bat otre factors that . o late thor srand
Cannot be Aeters ined frocothe cresent data,

REV SYM BOEING luo }

[PAGE

164




b

CALC I
CNECKL

4 ¥ + { lT [
i : 1 !
RN S :
i ' 1 SYWA | PALOT
i O |~
L1 ole
, f | |
1
IR
d . |
z 8 . + ’ i .l
2 \ ? |
4 : J
g VAN ; |
v /G\ .
0 o + - ‘
2 \//\
B <\3/ \
g /)
- /e
4 \o/ )
b _\/\
5 N
Ve D\//>El\ :
3 i
J
O L1 T A 1 1
é 2 4 o 8 \O
.P\LOT e:;\u \c?w ~ m/m
- O

TLOW TOTQUTHNCY PAWLOT GAMW

CHMARACTERS T\C

F\G. -\

APPD .

aee | T — - e
B V A A THE ATMTEINVLS couriny 155
f‘-dr' %% 0‘16 y o . . —

S tereceemeeer iSRRI




TABLE B-11 - PILOT PARAMETERS AND RATINGS

Lead Equalization - Pilot
Run Configquration Pilot Time Constant, sec ___rms “rms Rating
DF-17 Baseline A 1.33 .43 3.66 3.5
18 Ouax/Sg=3.24 1.56 35 2,94 6.5
!
| 19 §urm = .\l .40 34 a2 5.0
|
-20 TéN\N&:'Z.O s€ec ! .66 .82 4.4¢ 4.7
-24 Baseline 1 1.11 .59 4.1 2.6
25 G ey = .l 1.91 67 4.50 2.0
|
t
|
|
N
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An attempt was made to correlatc pilot rating to the variables TL,Q .
andcj. Figure B- 17 presents the results of a multiple linear r-gre<sion anslysis
on the six data points of Fiqure B-15; the best functional relationship obtained

among the variables or their reciprocals is:

Prs-\3.34 S22 3 an (v 2202 _(5)
Ty €

As seen in Fig. B-17, this expression fits the data of Pilot A very well,
while the data of Pilot C are not well predicted. It appears that Pilot C'e
data are suspect. but at the same time it should be noted that with cnly 6 cata
points the functional 1s only statisticaliy valid to approximately the 90
level, or below. More data are needed. but in view of Fiq. B-15, the correlation
obtained is pronnsindg.

Given a means of selecting TL‘ one way beinc the establishina of “irst
order dynamic chavacteristics near the pilot-airplane open-10np Crossover
frequency, as discussed in Ref. B-3, prediction of the pilot rating fror an
airplane model would follow from excitation of the closed-loop compensator,
system by a vandori input, and measurement of the variabloss and € that resulted,
followed by the use of a pilot rating functinnal. such as Ea. 5).

Once this technique is exploved ard verified to a sufficient statistical
confidence level, it way prove useful in choosing hetveen candidate aircraft
control systen designs and allow a large number of systere< and failure mades
to be screened bafore piloted simulator analysis is uniartaken.

Conclusions

Based on this study, the tollowing points can he 1rade:

1) Pilot frequencv response characteristics displayv rrornuncec high-
order lag (4th order or areater) and lead nr lead-130 eauatization
L which is usually second-order and is confiquration-dependent.
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APPENDIX C

WIND AND TURBULENCE MODEL

The wind and turbulence model was the same as that used for all evaluations
of the YC-14 at the same simulation facility as used for this study. The model
is based on work done under contract for the Federal Aviation Administration
by The Boeing Company (Reference 7). This work was specifically aimed at
developing wind models for simulation studies.

Basic parameters that define the wind model used for this simulation

study are presented in Fiqures C-1 through C-4.
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APPENDLIX D

PILOT EXPERIEMCE

Pilot "A" is a pilot for The Boeing Company. He received his flicht trainir:
while in the U. S. Navy anc was in the Navy for three years. ‘e has beer wizrk
The Boeing Company for 25 years, working as a flight test engineer for the

first five years and as a pilot for the remainder. He was the B-%2 Project
Pilot for all phases of the flight test program and has been a test pilot for
various types of testing on various Boeing airplanes (707, 727, 737, and 747).
His 8500 hours flight time have been almost entirely in large subsonic aircraft.
Also, several thousand hours of simulator experience, including both roving and
fixed base simulators, have been obtained. Presently he is Senicr [ngineering

Test Pilot and Senior Instruction Pilot for The Boeing Company, as well as

a NASA consultart on the Shuttle-Orbiter Program.

Pilot "B" is a NASA research pilot and a agraduate of the USAF Test Pilot School.

with 16 years experience as an Air Force test pilot and 8 years with NASAE as

an aerospace research pilot. His flight experience of 12,200 hours ircludes

over 2500 hours in heavy, multi-engine jet aircraft (B-52, B-47, 8-58, XB-77,
€990), 640 hours in mediur multi-enqgine jet aircraft (B-57, YF-12), and 750

hours in single-engine jet fighters {primarily the F-104). He has fliowr several
flights 1n the Concorde. He has about 300 hours of simulator exverierce
(including VTOL, STOL, Concorde, B-2707, AMST nrograms). He is presertly proent
pilot for the YF-12 and heavily irvolved in dlanning and sirulation studies c¥

the B-747 Shuttle Proqgram, flying approximately 3C-35 hours ner ronth,

Pilot "'C" is a Boeinag nilot with his trainirg received in the . 5. havy.

Flight exnerience consists of 6000 hours, "ost of which has been ir larqne “e*
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transport atrcraft. As a Boeiny test pilot he has canducted power plant i
performance, stability and contrel, flight load survey, sutomatic piltot, |
structural dynamics, and system testing on all Boeing jet aircraft includir:

the B-52 and KC-135. Presentiy he is a senior engineering test pilot, dnd 1S |
project pilot for the 737 model aircraft. He has also worked on NASAVCOntVdCtS
such as the Supersonic Transport Simulator, low-speed handlinc qualities i
evaluations of large transports, steep approach studies, ncise abaterent
stydies, and baundary layer control development work, all corducted or the

Boeing model 367-80. He was project pilot for the Augmentor-Wing Buffalo arc

has participated in preparation of the design proposal for the Quiet Short-Haul

Research Aircraft (QSRA).

Pilot "D“ is a Boeing pilot with his f1icht training received in the Air

Force and from the Navy Test Pilot School. His flight experience of 6605 hours

includes approximately 4000 hours in large jet transports ard approxinately

20 hours of supersonic fliaht. He has about 400 hours of movina base simulator

experience distributed over various research programs. Presentiy, he 1s the

project pilot for the Carrier Aircraft Modification progran and the assistant

chief pilot for the experimental 747 proarams.

Pilot "E" 15 a NASA research pilot with his trainina received in the Marine
Corps. His flight experience of 4200 hours includes 2500 hours ir fighter’attack
jet aircraft and 3200 hours 1in large Jet transport tyve aircraft.  His

cimulator e«perience is in excess of 780 hours in all clesses of aircra‘t

(mostly large transports). Presently he flies approximatel, C heuars per meontk

in his capacity of a HASA research pilot.

‘| Pilot "F' is a Boeinq pilot with 7 years experience in tre /v force and -
years with The Boeing Company. His flinht experience 0° &£97 hours ritutes
!
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some supersonic time (T-3¢ and F-105) and considerable time in the Boein:
oroduction airvcraft (707, 727, 737, and 747). His simulator experierce
includes invcolvement in the initial SST handling qualities studies éra tre
YC-14 prograi. He has approximately 200 hours of moving base simutator
experience. He is presently a production pilot with The Boeing Company,

flying approximately 40-50 hours per month.

Pilot "G" is a NASA research pilot and a qgraduate of the Air Torce Test Pilct
School. tis flight experience of approximately 4000 kours includes 1000 hours
in single-enqine jet fighters and trainers {F-100, F-194, T7-33) anc 2500 hours
in multi-engine jet transports (C-135, C-141). His simulator experience
includes 100 hours in the FSAA and ARC facilities. Presently he fiies

-

approxirately 40 hours per month in his capacity as a NASA research 7'

o~
(v
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